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The  objective  of  this  work  is  to  develop  new  analytical  strategies  for  analytical 
measurements  with  ultramicroelectrodes  (UMEs),  especially  in  biosensing.  We  focus  most 
of  our  efforts  on  the  development  of  fast  scan  technique  using  UMEs  in  characterizing  fast 
redox  reactions  of  biological  species,  and  improving  signal-to-noise  ratio  (S/N),  selectivity, 
and  detection  limit.  Instrumention  which  has  been  built  to  perform  these  experiments  with 
UMEs  is  described. 

There  are  three  major  parts  in  the  dissertation.  The  first  part  describes  fast  scan 
voltammetry  in  the  investigation  of  rapid  redox  reactions  in  aqueous  solutions  with  UMEs. 
Fast  scan  voltammetry  has  been  used  in  organic  solvents  and  most  of  the  electrodes  used 
were  metal  electrodes.  This  part  of  the  work  tries  to  establish  the  use  of  fast  scan 
voltammetry  in  the  investigation  of  fast  redox  reactions  in  aqueous  solutions  with  carbon 
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electrodes.  An  on-line  iR-drop-compensation  circuit  was  designed  for  this  work.  This  circuit 
can  perform  fast  scan  voltammetry  up  to  200,000  V/s  without  iR-drop  distortion.  The  surface 
characteristics  of  carbon  fiber  ultramicroelectrodes  have  been  investigated  under  fast  scan 
voltammetry  conditions.  The  standard  reaction  rate  constants  of  a  biological  compound  (uric 
acid)  and  two  well-know  inorganic  probes  (RuCNHj^^* -^'  and  FeCCNV^-"*-')  were  measured. 
The  influence  of  surface  oxides  on  the  measured  rate  constants  is  discussed. 

The  second  part  focuses  on  the  improvement  of  selectivity  of  UMEs  with  polymer 
film  coatings.  The  complexity  of  a  biological  matrix  makes  selectivity  an  important 
consideration  in  biosensing  and  bioanalysis.  The  work  aimed  to  improve  the  selectivity  and 
stability  in  electrochemical  measurements  by  modifying  electrode  surface  properties  with 
polymer  films.  A  method  of  making  ultrathin  overoxidized  polypyrrole  films  was  designed 
to  modify  electrode  surfaces  without  sacrificing  sensitivity. 

The  third  part  of  this  research  focuses  on  the  potential  analytical  advantages  of  fast 
scan  voltammetry.  A  specific  consideration  was  the  method  design  for  improving  selectivity 
and  sensitivity  of  analytical  measurements  in  complex  environments.  To  reach  this  goal,  a 
circuit  with  low  instrumental  noise  was  designed  to  perform  fast  scan  voltammetry.  The  new 
method  was  tested  in  dopamine  detection  at  low  concentrations  in  the  presence  of  a  large 
excess  of  ascorbic  acid.  By  pushing  the  scan  rate  up  to  10,000  V/s,  it  is  demonstrated  that 
a  substantial  improvement  in  selectivity  can  be  achieved  even  though  the  reaction  potentials 
of  dopamine  and  ascorbic  acid  are  similar.  At  high  scan  rates,  it  is  possible  to  detect 
dopamine  in  the  presence  of  1000-fold  excess  of  ascorbic  acid  because  of  the  kinetic 
differences  in  the  electrochemical  responses  of  the  two  probes.  Other  advantages  of  ultrafast 
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scan  rate  measurements  in  aqueous  solutions  are  also  investigated  in  this  work.  These 
include  improved  temporal  resolution  and  higher  signal-to-noise  ratios  resulting  from  the  fact 
that  more  voltammetric  scans  can  be  acquired  and  averaged  in  a  short  period  of  time. 
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CHAPTER  1 
INTRODUCTION 


Types  of  Ultramicroelectrodes 


In  the  1970s  a  number  of  research  groups  exploited  the  advantages  of 
ultramicroelectrodes  (UMEs),  normally  defined  as  electrodes  with  characteristic  dimensions 
smaller  than  20  ^im.'-^-^  A  variety  of  materials,  shapes,  and  sizes  of  UMEs  have  been 
reported  since.  Carbon,  gold,  and  platinum  are  the  most  commonly  used  materials,  with  a 
few  publications  describing  copper  and  mercury.  Carbon  fiber  is  the  most  popular  material 
used  in  bioanalysis  due  to  its  rich  chemical  properties  and  compatibility  with  bio-tissue.  The 
geometries  of  several  different  types  of  UMEs  are  illustrated  in  Figure  1.1.  The  cylindrical 
UMEs  are  usually  prepared  by  allowing  a  portion  of  the  wire  or  fiber  to  protrude  from  the 
insulator.  The  cylindrical  geometry  has  the  advantage  of  larger  currents,  but  these  electrodes 
tend  to  be  mechanically  fragile  and  cannot  be  easily  polished. 

At  present,  the  most  widely  used  UMEs  are  probably  ultramicrodisk  electrodes  with 
a  radius  of  less  than  10  ^m.  They  are  constructed  relatively  easily  by  encasing  a  metal  wire 
or  a  carbon  fiber  in  glass  or  epoxy;  the  flat  surface  of  the  end  of  the  insulated  wire  serves  as 
the  active  electrode  surface.  Because  disk-like  UMEs  have  smaller  electrode  areas  and  good 
spatial  resolution,  they  are  commonly  used  in  fast  measurements  and  in  in-vivo  detection. 
Recently,  the  use  of  band  and  ring  electrodes  is  being  reported  more  often."-^*  Electrodes 
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Figure  1.1.  Different  types  of  ultramicroelectrodes. 
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with  a  band  or  ring  geometry  are  attractive  because  they  can  be  fabricated  on  a  nanometer 
scale  in  one  dimension.  One  approach  to  their  fabrication  is  to  sandwich  thin  metal  film 
between  glass  or  epoxy  insulators.  Bands  with  a  smallest  dimension  of  20  A  have  been 
prepared  in  this  way.^  The  surface  areas  of  band  and  ring  UMEs  can  be  enlarged  by 
changing  the  length  of  the  band  or  the  circumference  of  the  ring  without  losing  the  desired 
properties  of  UMEs. 

It  should  be  noticed  that  the  area  of  a  UME  can  be  as  large  as  that  of  a  conventional 
electrode.  As  long  as  one  of  the  dimensions  of  the  electrode  is  less  than  20  nm,  it  can  be 
called  an  ultramicroelectrode.  An  enlarged  surface  area  ensures  large  faradaic  currents  which 
can  be  detected  without  difficulty  by  conventional  potentiostats.  The  same  objective  can  be 
achieved  with  ultramicroelectrode  arrays.  One  of  the  most  interesting  designs  of  UME 
arrays  is  the  interdigitated  UME.'  The  individual  band  UMEs  are  arranged  close  to  each 
other,  yet  different  potentials  can  be  applied  to  these  individual  UMEs.  This  can  make  redox 
species  diffuse  back  and  forth  between  two  adjacent  electrodes,  thus  amplifying  the  signal. 
A  common  approach  to  the  construction  of  an  ultramicroelectrode  array  is  to  use 
lithographic  techniques  to  prepare  arrays  of  band  electrodes  on  insulating  substrates.''" 

Properties  of  UMEs  and  Their  Analytical  Applications 

I 

Because  many  obstacles  in  electrochemistry  can  be  reduced  or  eliminated  wdth 
UMEs,  their  use  has  grown  rapidly  in  the  past  ten  years."'^'^'"  Compared  to  the 
conventional  macroelectrodes,  UMEs  have  many  unique  properties  including  small  physical 


dimensions,  low  iR  drop,  and  high  mass  transport.  These  unique  properties  of  UMEs  have 
opened  totally  new  possibilities  for  electrochemists.  In  the  following  discussion,  these 
unique  properties  and  their  analytical  applications  will  be  introduced. 

Small  Physical  Dimensions 

One  of  the  most  obvious  advantages  of  UMEs  is  related  to  their  small  physical 
dimensions.  Since  the  electrode  is  typically  ver>'  small,  a  microliter  volume  of  solution  can 
be  used  in  the  experiments  with  UMEs.  Because  the  electrochemical  measurements  are 
concentration  sensitive  rather  than  mass  sensitive,  the  mass  detection  limit  can  be  extremely 
low  if  a  small  volume  of  a  sample  is  used.  A  1 0"^'  mole  detection  limit  of  insulin  has  been 
reported  in  the  literature." 

In-vivo  detection  and  single  cell  measurements 

The  most  common  applications  based  on  the  small  dimensions  of  UMEs  are  in-vivo 
detection  and  single  cell  measurements. '*''"'''-°-'  The  small  dimensions  of  the  electrode 
allow  in-vivo  detection  with  minimal  tissue  damage  and  with  a  high  spatial  resolution.  The 
most  intensively  investigated  area  of  in-vivo  measurements  is  in  neuroscience  where  UMEs 
allow  pinpointing  the  area  of  interest  in  the  brain  without  damaging  the  brain  tissue.  Recent 
development  of  even  smaller  electrodes  allows  electrochemical  detection  inside  a  single 
cell.^^ 


Microsensors  and  microdetectors 

In  the  separation  science,  the  miniaturization  of  instrumentation  is  the  current  trend. 
Miniaturization  reduces  the  amount  of  required  sample,  the  waste  produced,  and  in  many 
cases  the  time  required  to  complete  the  analysis.  One  of  the  biggest  challenges  in 
miniaturization  is  to  maintain  the  performance  of  the  detector  as  the  size  of  the  detector 
decreases.  Most  detectors  require  a  large  detection  volume  in  order  to  perform  well,  which 
makes  miniaturization  difficuh.  However,  the  small  dimensions  of  UMEs  and  the  inherent 
concentration  sensitive  properties  of  the  electrochemical  detection  make  UMEs  very 
compatible  with  detector  miniaturization.  Moreover,  the  small  difftision  layer  at  UMEs 
makes  them  less  dependent  upon  the  flow  rate.  Many  reports  have  shown  the  power  of 
UMEs  combined  with  capillary  zone  electrophoresis  (CZE)  and  micro-column  high 
performance  liquid  chromatography  (HPLC)."-^'*'' 

Scanning  electrochemical  microscopy 

Another  interesting  application  based  on  the  small  dimensions  of  UMEs  is  scanning 
electrochemical  microscopy  (SECM).  This  technique  resembles  scanning  tunneling 
microscopy  (STM)  as  far  as  the  movement  of  the  electrode  across  the  substrate  surface  is 
concerned,  but  the  principles  of  the  measurement  are  different.  In  SECM,  an  UME  v^dth  a 
tip  radius  on  the  order  of  10  ^im  or  less  is  moved  in  close  proximity  to  a  substrate  of  interest, 
in  contact  with  a  solution  containing  an  electroactive  species.  The  electrochemical  reactions 
at  the  tip  give  rise  to  a  tip  current  that  is  affected  by  substrate  topography.  Generally,  the  tip 
current  is  controlled  by  diffusion  of  electroactive  species  at  the  electrode  tip.  As  the  tip 
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moves  across  the  substrate,  the  mountain  part  of  the  substrate  blocks  the  diffusion  of 
electroactive  species  (lower  faradaic  current),  and  the  valley  part  of  the  substrate  allows 
efficient  diffusion  (higher  faradaic  current).  Consequently,  the  fluctuation  of  the  tip  current 
reflects  the  topography  of  the  substrate  as  the  tip  moves  across  the  substrate  (Figure  1.2). 

Low  iR  Drop  and  Small  Cell  Time  Constant 

Two  main  obstacles  of  conventional  large  electrodes  are  large  iR  drop  and  large  time 
constant.  An  electrochemical  cell  can  be  considered  as  a  circuit  consisting  of  a  resistor  (cell 
resistance)  and  a  capacitor  (double-layer  capacitance).  Figure  1.3  illustrates  an 
electrochemical  cell  and  its  equivalent  circuit.  The  double-layer  capacitance  originates  at  a 
charged  electrode  surface  in  contact  with  an  electrolyte  solution  which  attracts  ions  of 
opposite  charge  and  repels  ions  of  like  charge.  A  graphic  illustration  of  the  double-layer 
capacitance  is  shovra  on  Figure  1 .4.  When  a  change  of  voltage  occurs  at  a  working 
electrode,  the  charge  of  the  electrode  surface  changes  accordingly,  thus  the  charged  ions  need 
to  move  into  or  move  out  from  the  double-layer.  The  movement  of  the  charged  ions 
produces  a  current  which  is  called  the  double-layer  charging  current.  Another  source  of 
current  is  from  the  redox  reaction  of  electroactive  species  in  the  cell.  When  the  applied 
voltage  is  sufficient  to  provide  energy  for  the  redox  reaction,  faradaic  current  flows  (see 
Figure  1.5). 

As  the  current  is  passing  through  the  cell,  the  applied  voltage  is  consumed  by  the  cell 
resistance,  contributing  to  the  iR  loss  or  the  iR  drop,  as  the  following  equation  shows, 


Figure  1.2.  Illustration  of  the  basic  operation  principle  of  scanning  electrochemical 
microscopy  (SECM).  As  the  diffusion  of  electroactive  species  is  blocked  by  the  protruding 
part  of  the  substrate,  the  tip  current  decreases.  By  plotting  the  fluctuations  of  the  tip  current 
vs.  the  position  of  the  tip,  the  topography  of  the  substrate  is  revealed. 
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Figure  1.3.  Illustration  of  an  electrochemical  cell  and  its  equivalent  circuit.  The 
electrochemical  cell  contains  a  working  electrode  and  a  reference  electrode.  Under  common 
experimental  conditions,  the  capacitance  of  the  reference  electrode  is  much  higher  than  the 
double  layer  capacitance  of  the  working  electrode,  thus  the  capacitance  of  the  reference 
electrode  can  be  neglected.  The  electrochemical  cell  can  be  simplified  into  a  combination 
of  cell  resistance  and  the  working  electrode  double  layer  capacitance. 
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Figure  1.4.  A  graphic  illustration  of  the  double  layer.  As  the  electrode  surface  becomes 
more  positive,  the  negative  ions  in  the  solution  begin  to  accumulate  on  the  electrode.  These 
negative  ions  then  attract  positive  ions.  Therefore,  a  double  layer  capacitance  forms.  For 
the  sake  of  simplicity,  the  solvent  molecules  are  omitted  in  the  figure. 
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Figure  1 .5.  The  origin  of  the  faradaic  current.  An  electroactive  molecule  (in  this  case,  the 
oxidant)  diffuses  to  the  electrode  surface  and  exchanges  electrons  with  the  electrode.  The 
oxidant  is  reduced  to  the  reductant  and  diffuses  away.  The  electron  exchange  between  the 
electroactive  molecule  and  the  electrode  produces  the  faradic  current.  The  current  is  a 
fianction  of  redox  kinetics  (rate  of  electron  transfer  between  the  electroactive  species  and  the 
electrode)  and  the  diffusion  process  (rate  of  diffusion  of  the  electroactive  species  ). 
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E    -  E     ^  iR  (1.1) 


where  E.pp  (V)  is  the  potential  applied  to  the  cell,  E^  (V)  is  the  true  potential  of  the  working 
electrode,  i  (^A)  is  the  current  flowing  through  the  working  electrode,  and  R  (Q)  is  the  cell 
resistance. 

The  cell  resistance  R  can  be  expressed  as  follows, 

/?  =  -^  c  1  (1.2) 

4r        r 

where  r  is  the  radius  of  the  disk  electrode  (cm)  and  p  is  the  specific  resistivity  of  the  solution 
(Qcm).  According  to  equation  1.2,  the  cell  resistance  increases  as  the  size  of  the  electrode 
decreases.  However,  the  charging  current  fi-om  the  double-layer  capacitance,  and  the 
faradaic  current  fi'om  the  redox  reactions  of  the  electroactive  species  in  the  electrochemical 
cell,  are  proportional  to  the  electrode  area  because  both  of  them  originate  at  the  electrode 
surface.  The  total  cell  current  can  be  described  as  follows, 


/  =  {i4)  oc  A  "  r'  (1.3) 


where  i  (|iA)  is  the  cell  current,  i,  (^A)  is  the  charging  current,  if  (nA)  is  the  faradaic  current, 
A  (cm-)  is  the  electrode  area,  and  r  (cm)  is  the  radius  of  the  disk  electrode.  According  to 
equation  1.3,  the  magnitude  of  the  current  decreases  with  the  square  of  the  electrode  radius, 
which  is  a  significant  decrease.  Combining  equations  1 .2  and  1 .3,  a  relationship  between  the 
iR  drop  and  the  electrode  size  is  follows. 
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iR  «  r  (1-4) 

Equation  1.4  clearly  shows  that  the  iR  drop  will  be  reduced  as  the  size  of  the  electrode 
decreases.  This  ensures  the  superiority  of  UMEs  over  conventional  macroelectrodes  in  terms       t 
of  reducing  the  iR  drop. 

Another  problem  associated  with  the  conventional  macroelectrodes  is  the  large  cell- 
time  constant.  When  a  sudden  change  of  voltage  is  applied  to  the  working  electrode,  time 
is  required  to  charge  the  capacitor  (double-layer  capacitance)  to  reflect  the  change  in  the 
voltage.  This  time  is  called  the  cell-time  constant  and  can  be  expressed  as  follows, 

^-C,R  (1-5) 

where  t  (sec)  is  the  cell-time  constant,  C,,  is  the  double-layer  capacitance  (F),  and  R  is  the 
cell  resistance  (Q).  The  doubl-  layer  capacitance  is  a  function  of  the  electrode  area, 

C,  -  CA  =  Cnr^  «  r'  (1-6) 

a 

where  C  is  the  double-layer  capacitance  per  unit  area  (F/cm^).  Substitution  of  equations  1 .2 
and  1.6  into  equation  1.5  gives  the  following, 

t  =  C,R  <-  r  (1-7) 

According  to  equation  1.7,  the  cell-time  constant  will  be  very  small  when  a  UME  is  used 
because  the  time  constant  is  proportional  to  the  electrode  radius.  Experimentally,  with 
UMEs  of  5  |im  radius  cell-time  constants  are  less  than  a  microsecond.^* 
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Electrochemistry  in  highly  resistive  media 

One  important  application  exploiting  the  low  iR  drop  at  UMEs  is  in  the 
electrochemical  measurements  in  highly  resistive  media  which  are  typically  inaccessible  with 
conventional  size  electrodes  due  to  the  enormous  iR  drop.  The  reduced  iR  drop  allows 
measurements  to  be  made  in  novel  systems  such  as  nonpolar  solvents  with  low 
concentrations  of  supporting  electrolytes,"  polar  solvents  in  the  absence  of  supporting 
electrolytes,-'  and  gas  phase.^^-'"-^'  The  ability  to  perform  electrochemistry  in  these  novel 
media  makes  UMEs  a  very  valuable  tool. 

Nonpolar  solvents  were  incompatible  with  electrochemical  measurements  due  to  their 
extremely  high  resistance.  Lines  and  Parker  were  the  first  to  show  that  voltammetry  at 
UMEs  is  possible  in  benzene  (a  nonpolar  solvent).^^  Other  groups,  such  as  Bond's,"-^''-^' 
Fleischmann's,^*  and  Wightman's"'^*"  had  reported  voltammetric  measurements  with  UMEs 
in  benzene,  toluene,  and  even  hexane. 

In  conventional  electrochemistry,  a  supporting  electrolyte  is  required  to  ensure  that 
the  medium  conducts  properly.  Supporting  electrolytes  often  limit  the  maximum  useful 
potential  range  because  the  electrolyte  itself  may  become  electroactive.  The  ability  to 
perform  the  measurements  in  polar  solvents  in  die  absence  of  supporting  electrolyte  enables 
the  expansion  of  the  useful  potential  range.  Pons  and  Fleischmann  have  reported  that 
alkanes  can  be  oxidized  in  electrolyte-free  acetonitrile  at  potentials  above  +  3.5  V.*°  Bard's 
group  has  reported  that  alkali  metal  ions  can  be  successfiilly  oxidized  in  liquid  SO2  at 
potential  of +5.0  v."' 

Applications  of  UMEs  to  electrochemistry  in  the  gas  phase  are  another  interesting 
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field.  Pons  and  Fleischmann  have  published  several  reports  of  such  experiments.^''^"-^'  The 
UMEs  coated  with  an  ionic  conducting  membrane  were  used  to  determine  the  quantity  of 
organic  gases.  The  cell  conductivity  was  maintained  by  proton  transfer  in  the  membrane 
while  the  gases  could  diffuse  into  the  membrane  to  react  at  the  electrodes  or  affect  the 
conductivity  of  the  cell.^° 

Fast  scan  voltammetrv 

At  the  conventional  macroelectrodes,  it  is  impossible  to  perform  fast  scan 
voltammetry  (voltammetry  at  scan  rates  higher  than  100  V/s)  because  the  cell  time  constant 
and  the  iR  drop  are  too  large.  In  voltammetric  experiments,  the  dependence  of  the  charging 
current  (i,)  on  the  cell  time  constant  (x)  and  the  scan  rate  (v)  can  be  expressed  by  the 
following  equation, 

,;  =  [-exp(-?^>l]vC,  (1.8) 

T 

where  t  is  time  (s)  and  v  is  scan  rate  (V/s).  The  first  term  indicates  the  time  (t)  needed  to 
charge  the  double-layer  as  the  electrode  potential  changes.  After  the  double-layer  is  fully 
charged,  the  charging  current  will  remain  as  indicated  by  the  second  term  (Cjv).  This 
charging  current  is  independent  of  time.  According  to  equation  1 .8,  the  first  term  approaches 
zero  and  the  second  term  dominates  if  t/x  is  much  larger  than  one.  In  other  words,  if  the 
experimental  time  scale  is  much  larger  than  the  cell-time  constant,  the  effect  of  time  constant 
on  the  charging  current  can  be  neglected.  In  fast  scan  voltammetry,  the  time  scale  (t)  is 
extremely  small.  For  fast  scan  voltammetry  to  be  feasible,  a  small  cell-time  constant  (t)  is 
needed  to  ensure  that  t/x  is  large  enough. 
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The  second  requirement  for  fast  scan  voltammetry  is  that  the  iR  drop  must  be  small. 
According  to  equation  1.8,  the  first  term  will  be  close  to  zero  when  the  cell  time  constant 
(defined  by  equation  1.7)  is  small.  Equation  1.8  can  be  simplified  to  the  following. 

/  =  vC,  (1.9) 


therefore,  we  have  the  following  equation. 

i^R  =  vC/  -  V  (1.10) 

Equation  1.10  shows  that  the  iR  drop  is  proportional  to  scan  rate.  To  minimize  the  iR  drop 
at  high  scan  rates,  CjR  needs  to  be  as  small  as  possible.  In  summary,  a  small  cell-time 
constant  and  a  small  iR  drop  are  the  two  essential  requirements  for  fast  scan  voltammetry. 

As  equations  1.4  and  1.5  demonstrate,  the  cell-time  constant  and  the  iR  drop  are 
greatly  reduced  at  a  UME.  Thus,  the  scan  rate  can  be  increased  greatly.  Experimentally, 
scan  rates  of  1,000,000  V/s  have  been  achieved  with  a  Sjim  gold  electrode  in  acetonitrile  as 
a  solvent  (cell  resistance  =  16  kCl  and  the  double-layer  capacitance  =  5.5  pF)."^"^'*^  This  is 
an  improvement  of  five  orders  of  magnitude  compared  to  scan  rate  of  10  V/s  at 
macroelectrodes. 

Fast  scan  voltammetry  has  been  applied  to  measurements  of  fast  redox  reactions  and 
fast  follow-up  chemical  reactions  (coupled  chemical  reactions).  Since  the  introduction  of 
UMEs  fast  heterogeneous  electron-transfer  kinetics  have  been  studied  with  fast  scan 
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voltanimetry.  For  example,  redox  reactions  of  anthracene,  anthraquinone,  naphthoquinone, 
and  benzoquinone  in  organic  solvents  have  been  characterized.^'''*'''  The  scan  rates  used  in 
the  experiments  ranged  from  1000  V/s  to  1,000,000  V/s  and  the  standard  rate  constants 
obtained  were  as  large  as  3.8  cm/s.'"'''' 

Since  1980,  many  voltammetric  investigations  have  been  carried  out  on  electron 
transfer  reactions  coupled  with  follow-up  chemical  reactions  such  as  addition,  isomerization, 
dimerization,  and  hemolytic  cleavage.**'"'''  All  of  these  reactions  involved  fast-decaying 
redox  intermediates.  Fast  scan  voltammetry  can  be  used  to  measure  the  life  time  of  redox 
intermediates.  Fast  scan  voltammetry  also  prevents  the  intermediate  from  decaying  and 
producing  by-products  which  may  react  with  the  original  reactants  and  complicate  the 
reaction  mechanism.  In  some  applications,  the  follow-up  products  of  the  intermediates  are 
electroactive  and  have  close  redox  potentials  to  the  parent  molecules.  By  using  fast  scan 
voltammetry,  the  redox  potentials  and  the  redox  kinetics  of  such  follow-up  products  can  be 
revealed."" 

In  addition  to  the  application  to  the  study  of  fast  redox  kinetics,  fast  scan 
voltammetry  can  be  a  powerful  analytical  tool.  Recently,  research  has  shown  that  fast  scan 
voltammetry  can  be  advantageous  in  trace  analysis  and  in  bioanalysis."'"  For  example,  fast 
scan  voltammetry  has  been  applied  in  quantitative  measurements  of  biological  species,  such 
as  NADH  and  dopamine.'''" 

Inherently,  fast  scan  voltammetry  is  not  suitable  for  quantitative  analysis  due  to  the 
interference  of  large  background  currents.  At  solid  electrodes,  such  as  graphite,  the 
background  current  consists  of  two  components,  namely  pure  capacitive  charging  current, 
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and  the  current  due  to  the  surface  redox  processes.  Charging  current  is  proportional  to  scan 
rate  (equation  1 .9),  and  the  current  due  to  the  surface  redox  processes  is  also  proportional  to 
scan  rate.  For  surface  bound  species,  peak  current  for  an  irreversible  redox  reaction  is 


/    =  S 1  (1.11) 

"         I.IMRT 


where  C*  is  the  reactant  concentration  in  solution  bulk  in  mole/cm^  n  is  the  number  of 
electrons  involved  in  the  reaction,  a  is  the  electron  transfer  coefficient,  n^  is  number  of 
electrons  involved  in  the  rate  determining  step,  and  r,,*  is  the  surface  excess  (mole/cm^). 

Equation  1.11  shows  that  the  faradaic  background  current  is  proportional  to  the  scan 
rate.  However,  faradic  peak  current  for  a  diffusion-controlled  irreversible  process  is 
proportional  to  a  square  root  of  the  scan  rate. 

i^  -  i2.99xlO')niany'^AC-D"'v"'  (1.12) 

where  D  is  the  diffusion  coefficient  of  the  reactant  in  cmVs.  Thus  the  ratio  of  the  faradic 
diffusional  current  to  backgroimd  current  can  be  expressed  as  follows, 


i  »  v^  ^  -L  (1.13) 
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where  if  and  ib  are  the  faradic  diffusional  current  and  the  background  current,  respectively. 

Equation  1.13  indicates  that  as  the  scan  rate  increases,  the  current  if  (signal)  decreases 

relative  to  the  background  current,  ib.  Consequently,  at  high  scan  rates,  this  current  is  buried 
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in  the  enormous  background  current.  Thus,  faradaic  currents  can  not  be  measured  directly 
from  such  voltammograms.  Furthermore,  the  instrumental  noise  becomes  noticeable  as  the 
background  current  increases.  However,  with  the  aid  of  background  subtraction  and  noise- 
filtering  techniques,  fast  scan  voltammetry  has  been  demonstrated  to  be  useful  for 
quantitative  analysis."-^''  In  fact,  submicromolar  detection  limits  have  been  reported."'* 
Figure  1.6  shows  the  effect  of  background  subtraction  on  extraction  of  the  faradaic  current 
out  of  the  background  current. 

One  of  the  great  advantages  of  fast  scan  voltammetry  is  its  high  temporal  resolution, 
which  allows  observation  of  rapid  concentration  changes  in  the  micromolar  range.  This 
advantage  is  particularly  useful  in  monitoring  rapid  changes  of  concentration  of  biological 
species  in  vivo  which  may  require  subsecond  or  better  temporal  resolution. '^  Another 
significant  advantage  of  fast  scan  voltammetry  is  its  ability  to  differentiate  different  species 
by  their  kinetic  differences  as  well  as  their  redox  potentials."'*  Species  with  fast  electron 
transfer  rates  show  reversible  voltammetry  at  high  scan  rates,  while  species  with  slow 
electron  transfer  rates  react  at  larger  overpotentials  at  high  scan  rates  and  ,  consequently,  can 
be  easily  distinguished  from  the  more  reversible  species.  This  strategy  of  improving 
selectivity  has  been  very  effective  in  reducing  interferences  in  the  measurement  of  dopamine 


in  vivo.'* 


The  fact  that  the  electrode  stability  can  be  improved  with  fast  scan  methods  is  of 
particular  importance  in  bioanalysis.  Many  redox  reactions  of  biological  species  (such  as 
dopamine,  uric  acid,  and  NADH)  have  follow-up  chemical  reactions  which  produce  side 
products.  These  products  can  adsorb  and  foul  the  electrode  surface.  In  most  experiments 
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Figure  1.6.  Illustrations  of  fast  cyclic  voltammetry  and  background  subtraction:  (a)  applied 
potential  waveform  as  a  function  of  time;  (b)  current  as  a  function  of  time;  the  solid  line  is 
the  background  current  and  the  dashed  line  is  the  current  in  the  presence  of  electroactive 
species;  (c)  A  background  subtracted  voltammogram  of  (b);  dashed  line  in  (b)  subtracted 
from  solid  line  in  (b)  and  the  result  plotted  as  a  function  of  potential.'^ 
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electrode  activity  decreases  after  several  scans.  In  fast  scan  voltammetry,  because  voltages 
are  swept  back  and  forth  in  a  short  time,  the  reductive  or  oxidative  products  are  con\erted 
back  to  the  original  analyte  before  they  have  an  opportunit>'  to  undergo  follow-up  reactions. 
Thus,  surface  fouling  due  to  adsorption  of  products  can  be  prevented.  Consequently,  the 
stability  of  electrodes  can  be  improved. 

Compared  with  chronoamperometry,  fast  scan  voltammetry  can  provide  more 
information  about  the  analyte,  which  can  help  identify  analytes  of  interest.  Because  different 
redox  reactions  have  unique  redox  potentials,  the  information  can  add  more  confidence  that 
the  analyte  of  interest  is  being  detected  in  a  complicated  environment.  This  advantage  may 
be  undermined  during  in  vivo  measurements  if  the  diffusion  layer  of  the  analyte  is  blocked 
by  tissue  or  clogged  by  blood.  However,  fast  scan  rates  can  alleviate  this  problem  because 
the  difftision  layer  is  smaller  at  higher  scan  rates. 

Importance  of  iR  compensation  for  accurate  fast  kinetic  measurements 

Even  though  iR  loss  and  cell  time  constant  are  small  at  a  UME,  they  are  not 
negligible  at  scan  rates  above  1000  V/s  if  an  accurate  kinetic  measurement  is  desired, 
especially  at  electrodes  such  as  carbon.  Carbon  electrodes  have  a  large  and  irregular 
background  current  in  aqueous  solutions  which  comes  from  large  double-layer  capacitance 
and  from  redox  reactions  of  surface  groups.  Since  a  variety  of  surface-bound  functional 
groups  with  different  formal  potential  (E°)  values  may  be  present,  the  faradaic  background 
current  may  be  potential-dependent.  This  background  current  may  affect  the  accuracy  of 
kinetic  measurements  because  background  current  is  proportional  to  scan  rate. 
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The  large  and  irregular  background  current  on  carbon  electrodes  limits  the  upper  limit 
of  useful  scan  rates  to  around  several  hundred  V/s."'*  Due  to  the  large  iR  loss  and  the 
irregular  shape  of  the  background  current  at  high  scan  rates  (above  1000  V/s),  the  elimination 
of  the  iR  drop  and  background  subtraction  become  necessary  if  significant  kinetic 
information  is  to  be  extracted  from  the  voltammogram. 

The  relationship  between  the  ohmic  drop  (iR)  and  the  effective  scan  rate  (v^ff)  on  a 
working  electrode  can  be  expressed  by  the  following  equations, 

dE^      diE4R)      dE^  ^,di.  ..  „,^/, 


V 


/?(^)=v./?(i^)  (1.14) 


«^       dt  dt  dt        dt  dt 

where  E^pp  (V)  is  the  potential  applied  to  the  cell,  E„  (V)  is  the  true  potential  of  the  working 
electrode,  i  (^A)  is  the  current  flowing  through  the  working  electrode,  R  (Q)  is  the  cell 
resistance,  v.^  (V/s)  is  the  effective  scan  rate  at  the  working  electrode,  and  v  (V/s)  is  the 
scan  rate  applied  to  the  cell  which  is  constant  during  the  experiment.  The  effective  scan  rate 
at  the  working  electrode  is  not  a  constant  when  R  is  not  zero  and  a  faradaic  current  ( 
background  faradaic  current  due  to  the  surface  reactions  or  faradaic  current  of  analytical 
species  in  solution)  is  present  (equation  1.12),  and  the  voltammograms  cannot  be  treated 
according  to  theories  developed  for  cyclic  voltammetry  which  assume  constant  scan  rate  at 
the  working  electrode  during  the  experiment. 

Figure  1 .7  demonstrates  the  effects  of  cell  resistance  and  the  double-layer  capacitance 
on  the  applied  potential.  Figure  1 .7  (top)  is  a  simulation  of  the  effect  of  the  cell  resistance 
on  the  potential  at  the  working  electrode.  The  deviations  of  the  effective  potential  (potential 
on  the  working  electrode)  from  the  applied  potential  (triangular  waveform)  are  caused  by  the 
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faradic  current  (from  the  electroactive  species  in  solution)  and  the  cell  resistance  (i.e.,  iR 
drop).  Furthermore,  when  the  double-layer  capacitance  is  considered  (  Figure  1.7  bottom), 
the  combined  effects  of  the  double-layer  charging  and  the  cell  resistance  severely  disfigure 
the  shape  of  potential  sweep." 

Two  approaches  are  commonly  used  to  compensate  the  iR  drop.  The  first  approach 
is  to  simulate  and  fit  the  distorted  experimental  voltammograms  by  incorporating  the  ohmic 
and  the  capacitive  factors.'*''-^  However,  it  is  difficult  and  complicated  to  compensate  the 
iR  drop  with  the  simulation  method  because  the  effective  scan  rate  (v^^)  and  the  total  current 
( i )  are  mutually  dependent  on  each  other.  To  make  the  situation  worse,  the  charging  current 
is  affected  by  the  presence  of  the  faradaic  current,  since, 

'c  =  C,v.^  =  CJ(v.^(|)]  -  C,v.C/(|)  (1.15)    ' 

where  i^  is  the  charging  current,  Cj  is  the  capacitance  of  the  electrode,  i  is  the  total  current 
(faradaic  and  charging)  passed  at  the  working  electrode.  According  to  equation  1 .14  ,  Vj^  is 
a  function  of  the  faradaic  current  and  the  charging  current. 

On  the  other  hand,  because  the  charging  current  affects  the  effective  scan  rate 
(equation  1.14),  which  affects  the  faradaic  current,  the  faradaic  current  in  the  presence  of  the 
charging  current  is  not  the  same  as  the  pure  faradaic  current.  These  factors  coupled  together 
complicate  the  simulation  approach. 

Another  approach  to  solve  the  problem  of  the  iR  drop  is  to  use  a  potentiostat  with  an 
on-line  iR  compensation  circuit.*'''^"  This  approach  is  simple  and  straightforward.  A 
potentiostat  with  an  on-line  iR  compensation  circuit  can  be  used  to  compensate  cell 


Figure  1.7.  Simulation  of  the  effects  of  cell  resistance  and  double  layer  capacitance  on  the 
effective  scan  rates  (the  shape  of  the  applied  potential);  measured  (effective)  potential  (solid 
line),  applied  potential  (dashed  line)."  Top:  the  effect  of  the  cell  resistance  only.  Bottom: 
the  effects  of  the  resistance  and  the  capacitance. 
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resistance  (R)  to  negligible  values.  This  makes  the  second  term  (R(di/dt))  in  equation  1.14 
close  to  zero,  thus  ensuring  that  the  scan  rate  at  the  working  electrode  is  constant  and  the  iR 
loss  is  eliminated.  An  iR  corrected  voltammogram  can  be  acquired  on-line  and  the  kinetic 
information  can  be  obtained  directly,  which  is  a  simple  and  easy  approach  compared  to  the 
off-line  mathematical  simulation. 

High  Efficiency  of  Mass  Transport 


As  the  redox  reaction  occurs,  the  reactant  is  being  depleted  at  the  electrode  surface. 
The  depletion  of  the  reactant  at  the  surface  causes  the  reactants  in  solution  bulk  to  diffuse  to 
the  electrode  due  to  the  concentration  gradient  between  the  solution  and  the  surface.  If  the 
rate  of  the  redox  reaction  at  the  electrode  surface  is  faster  than  the  rate  of  mass  transport 
(diffusion),  a  diffusion  layer  will  begin  to  grow  with  time.  The  thickness  of  the  diffusion 
layer,  6  (cm),  can  be  described  by  the  following  equation. 


6  =  yfnDt 


(1.16) 


where  D  is  the  diffusion  coefficient  of  the  diffusing  species  (cm^/s)  and  t  is  the  experimental 
tune  (s).  Figure  1 .8  illustrates  the  growth  of  the  diffusion  layer  as  a  function  of  time  at  a  disk 
electrode.  As  the  Figure  1 .8  shows,  the  diffusion  layer  thickness  at  a  short  time  (tj)  is  very 
small  compared  to  the  electrode  radius.  When  the  reaction  time  becomes  longer  (tj-tj),  the 
diffusion  layer  becomes  thicker.  At  the  UMEs,  the  diflaision  profile  is  transformed  from 
linear  diffusion  to  radial  diffusion,  and  the  mass  transport  is  greatly  enhanced  due  to  the 
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diffusion  from  the  edges.  This  enhancement  of  mass  transport  is  called  an  edge  effect  or  an 
effect  of  radial  diffusion.  Under  radial  diffusion  conditions,  the  mass  transport  rate  is  given 
by  the  mass  transport  coefficient  m  (cm/s).  The  dependence  of  m  on  the  electrode  radius  is 
described  as  follows,'^ 


m  -.  -  (1.17) 

r 


where  m  is  the  mass  transport  coefficient  (cm/s),  D  is  the  diffusion  coefficient  of  the 
diffusing  species  (cmVs),  and  r  is  the  radius  of  the  electrode.  Consequently,  for  a  very  small 
electrode  the  mass  transport  coefficient  can  be  very  high. 

As  Figure  1 .8  illustrates,  the  diffusion  type  (linear  or  radial)  is  determined  by  the  ratio  /• 
of  the  diffusion  layer  thickness  (6)  to  the  radius  of  the  electrode  (r).  If  6/r  is  much  less  than 
one,  diffusion  is  linear.  If  6/r  is  significantly  greater  than  one,  diffusion  becomes  radial. 
Because  6  is  a  function  of  time  (as  equation  1.12  describes),  radial  diffusion  can  be  achieved 
at  an  electrode  of  any  size  (r)  as  long  as  the  experimental  time  is  sufficiently  long.  However, 
as  the  radius  of  the  electrode  decreases,  the  value  of  6/r  increases,  which  ensures  radial 
diffiision  at  shorter  time  scales.  A  more  quantitative  illustration  of  the  relationship  of  the 
diffusion  layer  thickness,  electrode  size,  and  the  experimental  time  scale  can  be  obtained 
from  the  following  equation," 


^  (1.18) 


Figure  1.8.  Growth  of  a  diffusion  layer  as  a  function  of  time  (t,  <  tj  <  tj  <  t4  <t5)  where  the 
lines  represent  a  cross  section  of  the  interface  between  the  diffusion  layer  and  the  solution 
bulk.  At  time  t„  diffusion  is  linear.  As  time  scale  increases,  diffusion  becomes  a  mix  of 
linear  and  radial  dif^sion.  Eventually,  diffusion  behavior  transforms  to  a  radial  diffusion. 
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where  ti  is  a  unitless  quantity,  D  is  the  diffusion  coefficient  (cm'/s),  t  is  time  (s),  and  r  is  the 
radius  of  the  electrode  (cm).  For  values  of  ti  greater  than  6,  diffusion  is  considered  as  radial. 
For  values  of  ti  less  than  1 ,  diffusion  is  linear. 

The  radius  of  an  UME  is  small  enough  to  establish  radial  diffusion  at  time  scales  of 
1  s  or  less.  For  a  1  and  a  10  |im  UME,  the  time  needed  to  reach  radial  diffusion  is  about  0.01 
and  1.3  s,  respectively.  Thus,  at  common  experimental  time  scales  the  enhancement  in  mass 
transport  can  be  taken  advantage  of  at  UMEs.  Figure  1.9  illustrates  the  effect  of  electrode 
size  on  diffusion  behavior  of  time  scales  of  seconds. 

For  a  chronoamperometric  experiment,  the  effect  of  enhanced  mass  transport  on 
current  density  can  be  calculated,'^ 


radio/ 


^linur 


=     1* 


N 


n^  (1.19) 


where  \„^  (^A/cm^)  is  the  current  density  under  radial  diffusion  conditions,  i,i„ear  (^A/cm^) 
is  the  current  density  under  linear  diffusion  conditions,  D  (cmVs)  is  the  diffusion  coefficient 
(cmVs),  t  is  time  (s),  and  r  is  the  electrode  radius  (cm).  Based  on  equation  1.19,  after  1  s  the 
current  density  at  an  UME  with  a  diameter  of  1  ^m  is  about  100  times  greater  than  at  a 
conventional  size  electrode  (1  cm).  This  higher  current  density  is  particularly  usefial  in 
analytical  measurements.  Since  the  noise  or  background  in  the  electrochemical 
measurements  is  proportional  to  the  electrode  area,  the  high  current  density  (faradic  current 
per  electrode  area)  can  allow  higher  sensitivity  and  lower  detection  limits. 


Figure  1 .9.  The  effects  of  electrode  size  on  diffiasion  behavior  at  common  experimental  time 
scales  (several  seconds  or  less). 
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Edge  effect  of  UME 
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Circuit  Design  for  UMEs  Experiments 

Although  current  densities  of  UMEs  are  much  higher  than  for  conventional  size 
electrodes,  the  absolute  current  magnitudes  at  UMEs  are  extremely  small  (nA  to  pA)  due  to 
the  small  electrode  radius  which  determines  the  electrode  current.  Thus,  current 
measurements  at  UMEs  are  difficults  and  can  not  be  done  with  conventional  potentiostats. 
A  part  of  this  project  was  to  design  and  build  a  potentiostat  for  measurements  at  UMEs.  The 
design  and  construction  of  such  instrumentation  played  an  important  role  in  this  work 
because  it  allowed  us  to  investigate  and  exploit  unique  properties  of  UMEs  under  different 
experimental  conditions.  The  instrumentation  design  took  advantage  of  very  small  current 
magnitudes  at  UMEs.  In  a  conventional  three-electrode  configuration  potentiostat,  an 
auxiliary  electrode  is  needed  to  bypass  the  large  current  from  the  reference  electrode, 
otherwise  the  reference  electrode  will  be  polarized  by  the  large  current  which  will  cause  the 
shift  of  the  reference  electrode  potential.  Unlike  conventional  potentiostats  v^th  a  three- 
electrode  configuration,  the  potentiostat  for  UME  measurements  can  have  a  simple  two- 
electrode  configuration  which  is  possible  due  to  the  small  magnitude  of  the  currents  passed 
at  UMEs.*^*'  The  following  sections  introduce  the  basic  design  of  such  instrumentation. 
Details  of  the  instrumental  design  will  be  discussed  in  Chapter  2. 

Potentiostat  for  UMEs  experiments  at  low  scan  rates  Hess  than  10  Y/s) 

Because  conventional  potentiostats  can  not  measure  currents  lower  than  |iA,  a  current 
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amplifier  is  necessary  to  amplify  currents  for  a  conventional  potentiostat.  The  current 
amplifier  built  in  our  laboratory  has  different  gains  (10^  to  10'"and  time  constants  (1,10, 
and  100  |is)  to  fit  different  experimental  requirements.  By  using  this  current  amplifier  with 
a  conventional  potentiostat,  pico  ampere  currents  can  be  measured. 

Potentiostat  for  UMEs  experiments  at  high  scan  rates  (higher  than  10  V/s") 

The  conventional  potentiostats  were  designed  to  perform  cyclic  voltammetry  at  scan 
rates  below  1 0  V/s,  thus,  the  time  constant  of  the  noise  filter  in  these  potentiostats  is  set 
above  100  [is  to  eliminate  high  frequency  noise.  In  addition  to  the  time  constant  of  the  noise 
filter,  the  instrumental  time  constant  is  also  limited  by  the  speed  of  the  analog-to-digital 
converter  (ADC)  for  digital  potentiostats  or  by  the  speed  of  the  plotter  for  analog 
potentiostats.  Because  the  large  cell  time  constant  of  macroelectrodes  sets  the  limit  on  a 
maximum  scan  rate  in  cyclic  voltammetry,  before  the  instrumental  time  constant  can  affect 
the  voltammograms,  there  has  been  no  need  for  a  short  instrumental  time  constants  or  fast 
ADC  in  conventional  potentiostats.  However,  at  UMEs,  the  cell  time  constant  is  small  (ca. 
1  ^s)  and  the  highest  scan  rate  reported  is  as  high  as  200,000  V/s.^*  Because  of  the  large 
instrumental  time  constants  of  the  conventional  potentiostats,  voltammograms  begin  being 
distorted  at  scan  rates  above  10  V/s  even  though  the  cell  time  constant  at  UMEs  permits  scan 
rates  up  to  200,000  V/s.  Thus,  a  new  design  of  a  potentiostat  is  needed  to  perform  fast  scan 
voltammetry.  Since  the  small  current  at  UMEs  allows  a  two-electrode  configuration 
potentiostat  to  be  used,  we  modified  the  current  amplifier  described  above  to  make  a  two- 
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electrode  configuration  potentiostat  for  fast  scan  measurements.  The  potentiostat  which  was 
constructed  is  able  to  perform  fast  scan  voltammetry  up  to  4,000  V/s  without  distortion  from 
the  time  constant  of  the  potentiostat.  For  the  purpose  of  detecting  low  concentrations  of 
analytes  at  high  scan  rates,  the  noise  level  of  this  homemade  potentiostat  was  reduced  by  a 
first  order  filter  and  low  noise  operational  amplifiers. 

Potentiostat  for  high-scan-rate  measurements  at  UMEs  with  on-line  iR  compensation 

This  potentiostat  has  a  two-electrode  configuration  with  an  on-line  positive  current 
feedback  iR  compensation  circuit.  The  operational  amplifiers  used  in  the  circuit  are  current 
feedback  operational  amplifiers,  having  very  wide  bandwidths  (above  100  MHz)  and  high 
gains.  The  main  consideration  in  the  circuit  design  was  the  speed  (or  bandwidth)  of  the 
operational  amplifiers.  In  order  to  compensate  on-line  for  the  iR  drop,  the  current  passing 
through  the  working  electrode  needs  to  be  fedback  to  the  reference  electrode  as  fast  as 
possible  to  makeup  the  IR  loss  in  the  applied  voltage.  The  circuit  is  very  noisy  due  the 
wide  bandwidth  of  the  operational  amplifiers.  To  extract  the  signal  out  of  the  noise, 
concentrations  of  analytes  above  1  mM  are  needed  in  order  to  produce  sufficiently  large 
signals.  Therefore,  this  circuit  is  well  suited  for  fast  kinetic  measurements  but  not  for  trace 
analysis. 
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Surface  Modification  of  UMEs 


Polymer-film-modified  electrodes 


Modified  electrodes  have  received  tremendous  attention  in  the  past  10  years.^"  The 
main  goal  is  to  improve  the  selectivity  and  the  sensitivity  of  the  electrodes  with  the 
modifiers.  One  of  the  best  knovm  modifiers  is  Nafion  (a  perfluorosulfonated  ionomer)  which 
is  anion  selective  and  repels  anions  with  its  negatively  charged  sites  SO3".  As  mentioned 
above,  UMEs  have  many  advantages  due  to  their  small  size.  However,  selectivity  of  UMEs 
is  not  improved  as  the  size  of  the  electrode  decreases.  An  useful  strategy  to  improve 
selectivity  is  to  modify  the  electrode  surface  with  permselective  films.  For  example,  a 
common  application  of  UMEs  is  in  in-vivo  measurements  of  neurotransmitters  such  as 
dopamine  (DA)  in  the  central  nervous  system.  However,  voltammetric  responses  of  the 
neurotransmitters  usually  suffer  from  the  interference  of  ascorbic  acid  (AA)  which  coexists 
in-vivo  at  concentrations  10^  to  10"  times  higher  than  the  concentration  of  the 
neurotransmitter.  UMEs  coated  with  Nafion  films  are  usually  used  to  resolve  this  problem, 
since  Nafion  can  repel  anions  such  as  AA.  Nevertheless,  the  use  of  Nafion  has  some 
disadvantages.  Electrodes  modified  with  Nafion  films  usually  suffer  from  slow  response 
times  due  to  low  diffusion  coefficients  of  analytes  in  the  film,  memory  effects  due  to  the 
strong  binding  between  the  cation  analytes  and  Nafion  and  saturation  of  negative  sites  when 
cations  are  present  at  high  concentration.***'™.  Besides  these  problems  with  the  performance 
of  Nafion,  thickness  and  quality  of  Nafion  films  is  difficult  to  control  and  reproduce. 


42 

Recently,  a  new  class  of  cation  permselective  films  has  been  investigated  by  our 
group7''^^"  It  was  shown  that  overoxidized  polypyrrole  (OPPy)  films  can  be  made  quite 
pemieable,  and  have  ionic  conductivity,  although  the  electrical  conductivity  of  polypyrrole 
(PPy)  is  lost  after  overoxidation.  During  overoxidation,  carbonyl  groups  are  introduced  into 
the  polymer  backbone  forming  overoxidized  polypyrrole  (OPPy)^''  The  high  electron 
density  of  the  carbonyl  groups  acts  as  a  barrier  to  anion  diffusion  in  the  film.  In  our  previous 
investigation,  the  OPPy  films  (thickness  of  0. 1  ^m)  were  shown  to  have  excellent  cation 
permselectivity.  Since  OPPy  repels  anions  with  neutral  carbonyl  groups  instead  of  the 
negative  charge  sites,  electrostatic  binding  does  not  occur  and  the  OPPy  has  a  fast  response 
time,  fewer  memory  effects,  and  is  free  fi-om  the  problem  of  binding  site  saturation. 

A  thinner  ion-selective  film  is  always  desirable  due  to  faster  response  time  and  higher 
sensitivity.  The  permeability  of  films  is  expressed  by  the  following  equation. 


oD        D 
^.  =  V  =  -f"  (1-20) 


where  P^,  (cm/s)  is  ilm  permeability,  a  is  membrane  partition  coefficient,  D„  (cm^/s)  is  the 
diffusion  coefficient  within  the  film,  Dapp  (cm'/s)  is  the  apparent  diffusion  coefficient  in  the 
fikn,  and  6^,  (cm)  is  the  film  thickness.  According  to  equation  1.20,  the  permeability  of  the 
film  increases  as  6^  decreases.  High  permeability  will  allow  analyte  to  reach  the  surface 
easily,  hence  a  fast  response  time  and  a  higher  sensitivity  can  be  achieved. 

Besides  the  higher  sensitivity  gained  from  an  ultrathin  film,  ultrathin  organic  films 
may  be  used  as  a  precoated  material  to  assist  growth  of  compact  conducting  polymers.  This 
subject  has  been  addressed  by  several  authors  recently.  Gottesfeld  and  coworkers  have 
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reported  that  preassembling  an  organic  monolayer  on  electrodes  can  assist  in  the  formation 
of  a  more  compact  conducting  polymer  with  better  adhesion  characteristics.^'  Matsue  and 
Uchida's  group  have  reported  that  hydrophobic  pretreatment  of  a  substrate  promotes  lateral 
growth  of  PPy7*  In  general,  growth  of  the  conducting  polymers  can  be  manipulated  at 
precoated  organic  films  because  of  the  hydrophobic  interactions  between  the  precoated 
organic  film  and  the  monomers.  The  OPPy  ultrathin  film  may  serve  as  a  precoating  material 
to  control  the  growth  of  the  conducting  polymers.  Since  the  film  is  compact  but  yet 
permeable  to  monomers,  it  may  help  grow  more  compact  and  adhesive  conducting  polymers. 
Similar  work  has  been  reported  by  Belanger's  group  who  used  an  ionically  conducting 
polymer  (Nafion)  to  promote  lateral  growth  of  PPy.^' 

Stirface-oxide-modified  electrodes 

Electrochemical  pretreatment  (ECP)  has  been  found  to  be  quite  effective  in 
improving  electrode  selectivity  and  sensitivity.'*  It  is  particularly  useful  to  pretreat  carbon 
electrodes  due  to  the  ability  to  produce  rich  oxide  surfaces.'*  The  properties  of  the  oxidized 
surface  are  different  because  of  the  high  charge  density  and  the  ability  of  the  surface 
fiinctional  groups  to  catalyze  redox  reactions.'*  Figure  1.10  illustrates  various  surface 
functional  groups  on  carbon  electrodes,  such  as  phenol,  quinone,  carbonyl,  and  carboxylic 
acid,  which  can  form  as  a  result  of  surface  treatment.'*  The  negative  charge  of  the  carboxylic 
group  at  neutral  pH  and  the  abundance  of  electron  density  on  oxygen  on  treated  electrode 
surfaces  can  prevent  anions  from  approaching  the  electrode  surface.  Consequently,  redox 


Figure  1.10.  A  possible  structure  of  surface  oxide  groups  on  a  carbon  electrode  (reference 
78). 
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reactions  of  anions  can  be  deterred.^'  On  the  other  hand,  cations  have  been  known  to  be 
concentrated  on  the  pretreated  electrode  surfaces  presumably  due  to  the  electrostatic 
attraction  by  the  opposite  charge  of  the  surface/*  The  ability  of  the  surface  functional  groups 
to  preconcentrate  and  catalyze  reactions  of  cations  improves  the  sensitivity  and  the 
electrochemical  kinetics  increase  at  treated  electrodes.  ECP  may  also  improve  sensitivity 
by  cleaning  debris  and  impurities  on  electrode  surfaces.  ECP  usually  increases  background 
currents  as  the  surface  becomes  rougher  and  the  amount  of  the  surface  functional  groups  is 
increased.  Resistance  of  the  electrode  also  increases  after  the  electrochemical  pretreatment 
which  may  be  attributed  to  the  insulating  nature  of  the  surface  groups,  especially  oxides, 
which  can  form  on  the  treated  electrodes.  We  observed  that  the  resistance  of  a  freshly  cut 
fiber  carbon  electrode  is  about  6  kQ  and  it  can  go  up  to  50  kQ  after  pretreatment. 

Purpose  of  Work 

The  purpose  of  this  work  was  to  develop  new  strategies  and  fast  scan  techniques  for 
analytical  measurements  with  UMEs  in  aqueous  solutions.  We  focus  most  of  our  efforts  on 
the  exploitation  of  fast  scan  technique  with  UMEs  in  the  characterization  of  fast  redox 
reactions  of  biological  species,  improvement  of  S/N,  selectivity  and  detection  limits.  Fast 
redox  reactions  investigated  with  fast  scan  voltammetry  in  aqueous  solutions  at  carbon  fiber 
UMEs  helped  us  understand  the  properties  of  the  electrode  surface  and  its  effect  on  the  redox 
reactions  at  fast  scan  rates.  To  improve  selectivity  of  UMEs  in  biosensing,  UMEs  were 
modified  with  ultrathin  polymer  films.  The  ultrathin  fihns  provide  selectivity  by  deterring 
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anion  diffusion  but  allowing  cations  to  reach  the  electrode  surface  efficiently  which  results 
in  higher  sensitivity  for  cationic  analytes.  The  properties  of  the  ultrathin  films  were 
characterized  and  their  applications  in  bioanalysis  were  demonstrated  in  this  work. 
New  strategies  for  using  fast  scan  voltammetr\-  in  detection  of  trace  biological  species 
in  complex  environments  have  been  proposed  and  developed.  These  strategies  involve  signal 
averaging,  improved  temporal  resolution,  improved  instrumental  design,  and  selectivity 
enhancement  through  enhancement  of  the  kinetic  differences  between  the  analyte  and  the 
interferant. 


CHAPTER  2 
EXPERIMENTAL  SECTION 


Reagents  and  Solutions 


Acetonitrile  (MeCN)  was  obtained  from  Fisher.  Pyrrole  and  tetrabutylammonium 
perchlorate  (TBAP)  were  from  Kodak.  Potassium  ferricyanide  (FeCCN)^^-)  and  ascorbic  acid 
(AA)  were  obtained  from  Mallinckrodt.  Hexaamineruthenium  (III)  chloride  (RuCNH,)^^'') 
was  purchased  from  Alfa  Products.  Pyrrole-2-carboxylic  acid  (Py-2-COOH)  was  purchased 
from  Aldrich.  Dopamine  (DA)  was  purchased  from  Sigma.  All  chemicals  were  used  as 
received.  Uric  acid  (Sigma)  was  prepared  in  1  M  phosphate  buffer  of  pH  7.0. 
Hexaamineruthenium  (III)  chloride  and  potassium  ferricyanide  were  prepared  in  1  M 
aqueous  KCl  solution  or  in  0.5  M  phosphate  buffer  at  pH  7.4.  DA  and  AA  were  prepared 
in  70  mM  phosphate  buffer  of  pH  7.4. 

Electrodes 

Reference  and  Auxiliary  Electrodes 

A  saturated  calomel  electrode  (SCE)  was  used  as  the  reference  electrode.   When 
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MeCN  was  used  as  the  solvent,  a  quasi-reference  electrode  (a  5  cm  long  Ag  wire)  was  used 
as  a  reference  to  avoid  water  contamination  of  the  organic  solvent  and  to  prevent 
establishment  of  liquid-liquid  junction  potentials.*"  If  a  three-electrode  potentiostat  was 
used,  a  1  cm-  platinum  foil  was  used  as  an  auxiliary  electrode. 

Working  Electrodes 

Glassy  carbon  electrodes  (ca.  0.67  cm^  ,  Electrosynthesis  Co.),  carbon  fiber 
ultramicroelectrodes  (7  |am  diameter,  Textron  Specialty  Materials,  Inc.)  ,  and  platinum 
ultramicroelectrode  (5  ^m  Pt  wire  sealed  in  glass,  Goodfellow  Co.)  were  used  as  working 
electrodes.  The  experiments  using  rotating  disk  electrode  (RDE)  were  conducted  with  an 
IBM  RDE  Controller  and  Rotator.  The  screw-on  electrode  tip  was  made  from  Teflon,  with 
a  3  mm  diameter  glassy  carbon  rod  sealed  into  the  end  by  heat  pressing.  Prior  to  each 
measurement  the  working  electrodes  were  polished  on  an  Alpha  A  polishing  cloth  (Mark  V 
laboratory)  with  gamma  alimiina  suspensions  of  0.1  |im  particle  size  (Gamal,  Fisher 
Scientific  Co.)  and  were  ultra-sonicated  afterwards  in  doubly  distilled  water  for  5  minutes. 

Fabrication  of  UMEs 

Carbon  fiber  electrodes  sealed  in  heat  shrinkable  Teflon  tubes 

Carbon  fiber  ultramicroelectrodes  were  prepared  from  7  ^m  diameter  carbon  fibers 
(  Textron  specialty  materials  7440-44-0)  and  were  sealed  in  a  heat  shrinkable  Teflon  tube 
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( Zeus  ZDS-S-036).  This  Teflon  tube  had  two  layers  and  when  it  was  heated,  the  outer  layer 
of  the  tube  shrunk  and  the  inner  layer  melted.  The  inner  diameter  of  the  tube  could  shrink 
to  virtually  zero.  The  details  of  making  the  UMEs  are  given  below. 

A  piece  of  carbon  fiber  (ca.  3  cm  long)  was  glued  to  a  copper  wire  (ca.  6  cm  long) 
with  silver  epoxy  (  EPO-TEK  410  E,  Epoxy  Technology  Inc.).  The  epoxy  was  allowed  to 
dry.  The  silver  epoxy  serves  as  a  conductive  connector  which  connects  the  carbon  fiber  and 
the  copper  wire.  The  carbon  fiber  connected  to  the  copper  wire  was  then  placed  into  a 
Teflon  tube  and  the  tube  was  wrapped  with  an  aluminum  foil.  A  lighter  or  gas  torch  was 
used  to  heat  the  foil  for  about  half  a  minute  until  the  carbon  fiber  was  well  sealed  in  the  tube. 
The  heating  process  needs  to  be  carefijlly  controlled  to  avoid  overheating.  The  tip  of  the 
carbon  fiber  sealed  with  Teflon  was  then  cut  with  a  scalpel  to  expose  the  disk-like  UME.  By 
following  this  procedure  a  well  sealed  ultramicroelectrode  can  be  made  easily  and  quickly. 
To  avoid  introducing  contaminants,  the  electrodes  were  used  directly  without  polishmg.  An 
illustration  of  this  UME  is  shown  in  Figure  2.1 -A. 

Carbon  fiber  electrodes  sealed  in  epoxv 

Carbon  fiber  was  first  connected  to  a  copper  wire  with  silver  epoxy.  After  the  epoxy 
dried,  the  copper  wire  with  attached  carbon  fiber  was  inserted  into  a  capillary  glass  tube  or 
a  plastic  micropipet  tip  (ca.  ImM  radius).  The  copper  wire  was  then  glued  with  epoxy  to  the 
capillary  glass  tube  for  easy  handling.  Another  epoxy  mixture  was  made  fi-om  the  epoxy 
resin  and  the  hardener.  The  mixture  was  heated  on  a  hot  plate  until  the  epoxy  became 
transparent  and  liquid-like.   The  epoxy  liquid  was  carefiilly  stirred  to  get  rid  of  air  bubbles 


Figure  2.1  Schematics  of  UMEs  used  in  this  work.   (a).  Carbon  fiber  (7^m)  sealed  with 
Teflon,  (b).  Carbon  fiber  sealed  with  epoxy  (c).  Pt  wire  sealed  (Sum)  in  glass. 
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trapped  in  the  liquid.  The  epoxy  liquid  was  then  pipetted  into  the  capillary  glass  tube.  The 

whole  tube  was  then  placed  in  an  oven  and  heated  for  one  hour  at  ca.  150  °C.  After  the 
epoxy  hardened,  the  extra  epoxy  at  the  tip  was  removed  with  sandpaper  to  expose  a  disk-like 
UME.  This  working  electrode  was  polished  prior  to  each  measurement  on  an  Alpha  A 
polishing  cloth  (Mark  V  laboratory)  with  gamma  alumina  suspension  of  particle  size  of  0.1 
|im  (Gamal,  Fisher  Scientific  Co.).  An  illustration  of  this  UME  is  shown  in  Figure  2.1-B. 

Platinum  wires  sealed  in  soft  glass 

Metallic  electrodes  can  be  to  be  sealed  with  glass.  A  piece  of  Pt  wire  (r=2.5  |im)  was 
inserted  into  a  soft  glass  tube  (mehing  point  =  500  °C,  Kimble  Inc).  A  gas  torch  was  used 
to  melt  the  tip  of  the  glass,  which  caused  the  melting  glass  to  seal  the  Pt  wire.  The  melting 
process  has  to  be  carefiiUy  controlled  to  minimize  the  formation  of  air  bubbles  in  the  melting 
glass  which  will  cause  imperfections  in  the  seal.  After  the  glass  tube  cooled  to  room 
temperature,  the  glass  tip  was  removed  with  sandpaper  until  the  end  of  the  Pt  wire  was 
exposed.  A  disk-like  Pt  UME  was  formed.  The  electrical  contact  was  made  by  inserting  a 
Cu  wire  into  the  other  end  of  the  glass  tube.  Pieces  of  solder  were  put  into  the  glass  tube  and 
the  glass  tube  was  gently  heated  until  the  solder  melted  and  embedded  the  Pt  and  the  Cu 
wire.  The  connection  between  the  Pt  wire  and  the  Cu  wire  was  formed  after  the  glass  tube 
cooled  down  to  room  temperature  and  the  melted  solder  became  solid.  Figure  2.1-C  shows 
a  cartoon  illustration  of  this  type  of  electrodes. 
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Electrode  Pretreatment 


The  electrochemical  pretreatment  of  carbon  fiber  electrodes  was  carried  out  in  1  M 
phosphate  buffer  in  the  experiments  vsith  uric  acid  as  analyte,  and  in  I  M  KCl  solutions  in 
kinetic  measurements  with  RuCNHj)^^^^^^^^  and  FeCCN)^*^-"'-*.  The  parameters  for  the 
treatment  were  as  follows:  square-wave  potential,  lower  potential  limit  -1.0  V,  upper 
potential  limit  +2.0  V,  frequency  70  Hz;  duration  5  min.  The  conditions  for  the  pretreatment 
were  chosen  because  a  previous  report  had  shown  that  such  pretreatment  can  improve  the 
reaction  kinetics  of  uric  acid.*' 

When  analysis  with  fast  scan  voltammetry  at  carbon  fiber  electrodes,  the  electrodes 
were  pretreated  to  stabilize  the  background.  The  electrodes  were  treated  by  a  cycling  for  30 
minutes  in  the  potential  window  from  -0.8  to  +1.2  V  in  70mM  phosphate  buffer. 

Instrumentation 

IR  Compensation  Circuit  and  Its  Operational  Principle 


All  iR  compensation  experiments  were  carried  out  with  a  homemade  instrument  (see 
Figure  2.2)  of  a  design  which  was  adapted  from  that  described  by  Saveant's  group.*^  The 
design  was  modified  to  suit  our  experimental  purposes.  An  operational  amplifier  (OP27) 
was  added  to  the  circuit  to  fiirther  amplify  signal  and  eliminate  noise  at  low  scan  rates  (less 
than  1000  V/s).  The  potentiostat  had  a  two-electrode  configuration  and  an  on-line  positive 


Figure  2.2  Schematic  of  a  potentiostat  built  for  fast  measurements  with  iR  compensation. 
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current  feedback  iR  compensation  circuit.  The  potentiostat  was  based  on  two  types  of  current 
feedback  operational  amplifiers  (CLC  401  and  CLC  400)  obtained  from  the  Comlinear 
Corporation. 

Voltage  at  the  positive  input  of  the  amplifier  U3  equals  to  the  current  to  be  measured 
(i)  times  the  sampling  resistor  (Rg).  Voltage  iRg  is  applied  to  the  positive  input  of  the 
amplifier  U3  and  is  then  amplified  b>'  a  factor  of  1  +  R7/R5  (R7  and  R5  are  the  feedback  and 
the  gain  resistors  of  the  amplifier  U3,  respectively).  Thus,  the  output  voltage  at  output  1,  U,, 
to  be  measured  by  the  digital  oscilloscope,  is: 

U=RliURJR;)i  (2.1) 

where  Uj  is  the  voltage  output  (V),  R  are  the  resistances  (Q)  of  the  resistors  in  the  circuit,  and 
i  is  the  current  measured  at  the  working  electrode,  W.  The  output  voltage  was  monitored  and 
recorded  on  the  LeCroy  9310  digital  oscilloscope. 

The  operational  amplifiers  used  in  the  circuit,  CLC  400  and  CLC  401,  are  current 
feedback  operational  amplifiers.  Unlike  the  conventional  voltage  feedback  operational 
amplifiers,  the  bandwidth  of  the  current  feedback  operational  amplifiers  depends  only  on  the 
magnitude  of  the  feedback  resistance  such  as  R7  (see  Fig  2.2).  Therefore,  the  current 
feedback  operational  amplifiers  have  a  larger  bandwidth  (at  least  of  a  factor  of  5)  which  is 
very  important  for  high  speed  experiments,  such  as  fast  scan  voltammetry.  The  optimum 
value  of  R7  is  1500  Q  for  the  CLC401  operational  amplifier  used  in  the  current 
measurements. 
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The  current  to  be  measured  crosses  the  sampling  resistance  Rg(332  Q),  the  value  of 
which  is  chosen  so  as  to  be  negligible  compared  to  the  input  impedance  of  the  amplifier  U3 
(ca.  200  kQ).  The  output  voltage,  Uj,  is  fed  back  to  the  operational  amplifier  U2  through  a 
variable  resistor,  R^.  The  magnitude  of  the  feedback  is  controlled  by  the  fi-action  of  the 
variable  resistance  which  is  applied  (i.e.  P;  p=  (R^-x)/!^;  0^x^R«).  The  summation  of  the 
positive  feedback  voltage,  pRg(l+R7/R5)i,  with  the  voltage  delivered  by  the  function 
generator  is  carried  out  at  the  amplifier  U2.  Because  the  positive  feedback  is  injected  into 
the  positive  input  of  the  amplifier  U2,  and  the  amplifier  has  an  unit  gain,  the  potential  at  the 
output  of  the  amplifier  U2  is  thus: 

U  *  2p/?,(l*  /?,  //?,)/  -  U  *  Ri  (2.2) 

where  U  (V)  is  the  voltage  from  the  waveform  generator  (i.e.  the  original  voltage  on  the 
reference  electrode),  p  is  the  fi-action  of  the  positive  feedback  applied  to  the  amplifier  U2, 
i  (nA)  is  the  current  to  be  measured,  and  R^.  =  2pRg(l+R7/R5)  is  the  "compensation" 
resistance.  R^  can  be  change  by  adjusting  p.  A  major  concern  in  the  design  of  an  iR 
compensation  circuit  is  to  obtain  an  exact  compensation,  not  an  undercompensation  nor  an 
overcompensation.  In  other  words,  we  need  to  ensure  that  the  compensation  resistance  (R,.) 
is  exactly  equal  to  the  uncompensated  cell  resistance  (RJ.  By  doing  so,  the  potential 
affected  by  the  iR  loss,  iR„,  will  be  exactly  compensated  by  the  iR,.. 

With  conventional  macroelectrodes,  it  is  possible  to  design  an  instrument  such  that 
sustained  oscillation  of  the  output  signal  occur  when  the  compensation  and  the  cell 
resistances  are  practically  equal.  A  simple  determination  of  R^  is  ensured,  leading  to  a  precise 
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knowledge  of  the  remaining  uncompensated  resistance  in  each  experiment.  This  is  so 
because  the  time  constant  of  the  instrument  is  much  shorter  than  the  cell  time  constant  of  a 
macroelectrode,  RjC^.  This  is  no  longer  true  at  a  UME,  because  cell  time  constants  with 
UMEs  as  working  electrodes  are  comparable  with  the  instrumental  time  constants.  The 
following  discussion  shows  how  to  compensate  the  iR  drop  with  UMEs  as  working 
electrodes  with  on-line  iR  compensation. 

The  on-line  iR  compensation  circuit  can  be  analyzed  in  terms  of  a  second  order 
approximation  as  shown  by  the  type  of  oscillations  obtained  upon  increasing  p  (i.  e.  the 
fraction  of  the  compensation  resistance  R^)  when  it  is  connected  to  a  resistor-capacitor 
dummy  cell  representing  the  solution  resistance  and  the  double  layer  charging  in  the  absence 
of  the  faradaic  current.  The  operational  expression  for  the  output  voltage  is  thus:*^-^ 

(7  .  lii — 1 ^llll (2.3) 

{Rpju>)p'^[R,^{\IC,i^yR^]C,  pA 

where  p  is  the  Carson-Laplace  variable,  Cj  is  the  double  layer  capacitance  (F),  v  is  the  scan 
rate  (V/s),  o)  is  the  bandpass  pulsation  of  the  instrument  and  R,  is  the  total  resistance  to  be 
compensated,  i.e.,  R,  +  R^  +Rg.  A  sustained  oscillatory  behavior  is  obtained  when: 

R,  .  (l/C,  u>)  -  R^-0  (2.4) 

i.e.,  when: 

R.^R.-R-O  (2.5) 
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The  Ro  is  the  "overcompensation  resistance"  which  equals  to  l/CjO).  Thus,  if  we  know  R„, 
exact  compensation  can  be  obtained  by  first  increasing  R^  until  sustained  oscillatory  behavior 
is  reached  and  then  decreasing  it  by  an  amount  equal  to  R^.  R^  can  be  derived  from  the  value 
of  the  double  layer  capacitance  (Cj)  and  from  w.  Cj  is  obtainable  from  the  height  of  the 
double  layer  charging  current.  The  parameter  co  can  be  obtained  as  follows.  Dummy  cells 
with  known  resistances  (RJ  and  capacitances  (Cj)  were  used  to  simulate  the  electrochemical 
cell.  The  compensation  resistances  (R^)  were  obtained  by  increasing  p  until  sustained 
oscillations  appeared.  Since  R,,  Cj,  and  R^  were  known,  the  parameter  a  can  be  obtained 
from  equation  2.4.  In  our  experiments,  the  value  of  w  was  determined  as  3.3  x  10''  rad/s. 

During  the  experiments,  the  ohmic  drop  compensation  was  performed  by  increasing 
the  positive  feedback  (p)  until  sustained  oscillations  appeared  on  the  cyclic  voltammetric 
frace.  The  feedback  was  then  decreased  by  l/CdU  before  recording  the  current-potential 
curve.  The  feedback  should  be  careftilly  tuned  to  reach  sustained  oscillations  but  total 
oscillations  should  be  avoided.  Sustained  oscillations  are  apparent  when  a  noticeable 
oscillation  appears  in  the  beginning  of  the  voltammogram  as  the  compensation  resistance 
increases.  If  the  compensation  resistance  continues  to  increase,  the  magnitude  of  the 
oscillation  will  suddenly  change  from  several  mV  to  ±  7  V  (same  as  the  power  voltage  of  the 
operational  amplifiers)  and  vsdll  destroy  the  voltammogram.  This  type  of  oscillation  is  called 
total  oscillation.  The  reason  for  avoiding  total  oscillations  is  that  the  total  oscillations 
(magnitude  +7  to  -TV)  feed  back  to  the  electrochemical  cell  and  will  cause  pretreatment  of 
the  carbon  fiber  electrode.  In  our  experiments,  after  total  oscillations  occurred  a  change  in 
the  AEp  of  electrochemical  probes,  and  the  background  current  was  observed. 
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Experiments  were  performed  using  iR  compensation  when  the  scan  rates  exceeded 
1000  V/s.  At  scan  rates  up  to  1000  V/s,  iR  compensation  was  not  necessary,  since  the  iR 
loss  was  insignificant.  Because  the  current  decreases  as  the  scan  rate  decreases,  at  scan  rates 
below  1000  V/s,  the  noise  in  the  feedback  circuit  severely  interferes  with  the  small  faradaic 
current.  Thus,  the  circuit  was  modified  to  suit  the  experimental  needs.  An  amplifier  (  OP27, 
8  MHz  bandwidth)  was  added  to  fiirther  amplify  the  current  and  filter  out  the  high  fi-equency 
noise  when  the  scan  rates  were  lower  than  1000  V/s.  The  OP27  amplifier  has  a  much 
narrower  bandwidth  (8  MHz)  compared  to  the  other  two  amplifiers  (150  MHz  for  CLC  401 
and  CLC  400).  The  narrow  bandwidth  of  OP  27  can  function  as  a  filter  to  eliminate  the  high 
frequency  noise.  Rechargeable  Ni-Cd  batteries  ( Radio  Shack)  were  used  as  a  power  supply 
to  avoid  60  Hz  power  line  noise.  An  offset  adjustment  was  used  to  adjust  the  offset  of  the 
output  voltage  due  to  the  voltage  drift  of  the  operational  amplifiers.  All  connections  were 
made  on  printed  circuit  boards  to  minimize  stray  capacitances  and  crosstalk  between  leads. 
For  the  same  reason,  the  leads  connecting  the  digital  oscilloscope,  the  working  electrode,  and 
the  reference  electrode  were  shortened  as  much  as  possible.  At  lower  scan  rates,  majority 
of  signals  were  acquired  repeatedly  50  times,  then  averaged  to  improve  signal-to-noise  ratio. 
Data  acquisition,  signal  averaging,  background  substraction  and  the  measurements  of  the 
peak  current  and  the  peak  potential  were  all  performed  on  the  LeCroy  9310  digital 
oscilloscope. 

The  cyclic  voltammograms  of  the  analytical  species  in  fast  measurements  were 
repeatedly  acquired,  averaged  and  stored  in  the  digital  oscilloscope.  Then  the 
voltammograms  of  a  blank  solution  were  acquired,  averaged  and  subtracted  from  the 
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voltammograms  of  the  analytical  species.  The  data  acquired  by  the  LeCroy  oscilloscope  were 
transferred  to  aNorthgate  386  PC  for  the  display  and  the  semi-integration.  The  data  transfer 
is  through  an  RS-232  interface  on  the  oscilloscope  and  the  communication  port  number  two 
on  the  computer  (Northgate  386  PC).  Two  QBasic  programs  were  locally  written  to 
communicate  with  the  digital  oscilloscope  and  to  perform  the  semi-integration  (see  Appendix 
A  and  B).  A  function  generator  (Model  182A,  Wavetek)  and  an  universal  programmer 
(model  175  EG  &  G)  were  used  to  generate  triangular  waveforms  for  cyclic  voltammetry. 
The  function  generator  was  used  as  a  trigger  source  to  simultaneously  trigger  the 
oscilloscope  and  the  universal  programmer. 

The  Current  Tran.sducer  and  the  Potentiostat  for  the  UME  Experiments 

The  schematic  of  the  current  transducer  is  shown  in  Figure  2.3.  The  design  of  the 
current  transducer  was  based  on  Faulkner's  design.*'  We  modified  the  circuit  to  make  it 
more  flexible  in  the  instrumental  time  constant,  and  added  an  output  (bypassing  the  OP27) 
for  fast  measurements.  The  power  supply  for  this  instrument  was  made  from  rechargeable 
batteries  to  minimize  60  Hz  power  line  interference.  Two  7.2  V  Ni-Cd  Turbo  racing  batteries 
(purchased  from  Radio  Shack)  were  used  because  of  their  high  current  output  (1200  mAh). 

The  input  operational  amplifier  (ADS  15 A,  Analog  Devices)  was  a  monolithic, 
precision,  low  power,  FET-input  operational  amplifier.  It  served  as  a  current-to-voltage 
converter  which  amplifies  and  converts  the  input  currents  to  voltages.  This  operational 
amplifier  has  a  fast  slew  rate  (3.0  V/^is),  ultralow  bias  current  (less  than  50  fA  with  ±  5V 


Figure  2.3  Schematic  of  the  current  transducer. 
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power  supplies),  low  input  noise  voltage  (50nV/VHz),  and  very  low  input  noise  current 

(0.0 1  pA  rms).  The  bandwidth  of  the  operational  amplifier  (ADS  1 5  A)  is  1  MHz.  The  low  bias 
current  and  the  low  noise  make  this  operational  amplifier  suitable  for  low-level  current 
measurements,  yet  the  fast  slew  rate  and  the  wide  bandwidth  make  it  adequate  for  fast  scan 
voltammetry  at  scan  rates  of  kV/s.  Various  resistors  (1,  10  and  100  MQ  )  and  capacitors 
(0.1, 1, 10  and  100  pF)  in  the  feedback  loop  control  the  gains  (100, 1000  and  10000)  and  RC 
time  constants  (1  ,  10  and  100  ^s).  Since  the  current-to-voltage  converter  (AD  5 ISA)  inverts 
the  input  signal  phase,  a  second  operational  amplifier  (OP27)  with  a  unit  gain  is  used  as  an 
inverter  to  invert  the  phase  of  the  output  signal  back  to  normal.  The  capacitors  and  the 
resistor  (Rj)  on  OP27  function  as  a  first  order  filter,  and  the  RC  time  constant  should  be 
adjusted  not  to  exceed  the  RC  time  constant  of  AD  5  ISA 

The  commercial  potentiostat  used  in  the  experiments  is  Bioanalytical  Systems 
(BASIOO)  Electrochemical  Analyzer.  When  used  with  the  BAS  the  output  of  OP  27  has  a 
1 0  kQ  (R„)  resistor  connected  to  the  working  electrode  lead  of  the  BAS.  In  most  commercial 
potentiostats  such  as  the  BAS  the  working  electrode  lead  feeds  a  virtual-ground  summing 
junction  of  a  current  to  voltage  converter.  The  current  measured  with  the  BAS  in 
conjunction  with  the  current  transducer  is  R<^(R,/R2)x(RBAs/Ro)^i'  and  is  Rbas^^i  without  the 
current  transducer.  Because  R,  equals  to  Rj,  the  net  gain  of  the  current  transducer  will  be  the 

ratio  of  R/R„  (i.e.  the  ratio  of  the  feedback  resistance  of  OP  ADS  1 5A  to  the  output  resistance 

j 

of  OP  27 ).  For  example,  for  a  10  kCl  value  of  R„  the  gain  is  100,  1000,  and  10000  when  R{ 
is  1  ,  10  and  100  MQ,  respectively. 

For  stand  alone  use  in  fast  scan  measurements,  the  output  of  OP  ADS  ISA  bypassed 
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the  OP27  and  was  directly  connected  to  a  digital  oscilloscope  (LeCroy  9310).  The  digital 

■     I  -:  ■  • 

oscilloscope  measures  the  output  voltage  (the  transduced  current).  The  ratio  of  the  transduced 

current  (output  voltage)  to  the  input  current  (i.e.  the  current  flowing  at  the  UME)  was 

determined  alone  by  the  R^  on  OP  ADS  1 5  A.  The  conversion  factors  for  the  potentiostat  were 

1,10  and  100  V/^A  when  the  resistors  (Rf)  in  the  feedback  loop  of  the  current  transducer 

were  1,10  and  100  MQ  respectively.  Thus,  for  a  conversion  factor  of  10V/|aA  a  10  mV  of 

voltage  measured  by  the  oscilloscope  corresponds  to  a  1  nA  of  the  analytical  current.  The  RC 

time  constant  of  the  current  transducer  was  controlled  by  the  feedback  resistance  (Rf)  and  the 

capacitance  on  OP  ADS  15  A.  For  example,  a  1  MQ  of  Rf  and  a  1  pF  of  a  capacitor  will  give 

an  l(is  of  the  RC  time  constant. 

Instrumental  Setup  for  Low  and  High  Scan  Rate  Experiments 

At  low  scan  rates,  the  current  amplifier  is  connected  to  the  BAS.  The  ground  of  the 
instrument  should  be  connected  to  the  ground  wire  of  the  BAS  to  insure  proper  grounding 
(see  Figure  2.4).  The  grounding  is  important  for  the  output  voltage  of  the  circuit  to  be 
measured  correctly  by  the  BAS.  A  faraday  cage  was  used  to  shield  the  circuit  from  noise  and 
the  faraday  cage  was  also  connected  to  the  ground.  At  high  scan  rates  the  potential 
waveform  is  generated  from  the  function  generator  and  the  waveform  is  applied  to  the  SCE 
reference  electrode.  The  current  at  the  working  electrode  is  transduced  to  voltage  and 
amplified  by  OP  ADS  1 5  A.  The  transduced  current  bypasses  OP27  and  is  directly  measured 
with  the  digital  oscilloscope  (Figure  2.3).  Simultaneously,  the  waveform  applied  to  the 
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reference  electrode  is  measured  at  a  separate  channel  of  the  digital  oscilloscope  (Figure  2.5). 
The  stored  waveform  can  be  later  transferred  to  a  computer  for  plotting  the  cyclic 
voltammograms.  Since  the  phase  of  the  potential  at  the  working  electrode  is  reversed 
relative  to  the  waveform  potential  at  the  reference  electrode  the  phase  of  the  potential 
waveform  measured  with  the  oscilloscope  needs  to  be  inverted.  In  addition,  the  phase  of  the 
current  passed  at  the  working  electrode  is  inverted  by  the  inverting  input  of  OP  ADS  1 5  A. 
Thus,  to  obtain  a  correct  plot  of  current  vs  potential  (i.e.  voltammogram),  the  phase  of  the 
potential  waveform  and  the  current  stored  in  the  digital  oscilloscope  are  inverted  by  a 
computer  program  (Origin)  before  plotting  the  cyclic  voltammograms  on  the  computer. 


Voltammetry  at  low  scan  rates 

At  low  scan  rates,  the  circuit  shown  in  Figure  2.3  can  be  used  as  a  current  amplifier 
which  allows  pico  ampere  currents  to  be  measured  with  the  BAS.  The  minimum  current 
range  of  the  BAS  is  0.1  ^A.  The  gain  of  the  current  amplifier  ranges  from  100  to  10,000. 
Combing  the  BAS  with  the  current  amplifier,  the  minimum  current  range  can  be  low  to  1 00 
pico  amperes.  To  minimize  noise,  a  first  order  filter  is  used  in  the  circuit  (Figure  2.3,  OP 
AD515A  ).  The  time  constant  of  the  potentiostat  is  controlled  by  the  time  constant  of  the 
first  order  filter  in  the  circuit  (Figure  2.3). 

Ideally,  the  time  constant  should  be  as  large  as  possible  if  the  experimental  conditions 
allow  it.  Traditionally,  for  performing  cyclic  voltammetry  a  suitable  time  constant  of  a 
potentiostat  is  decided  by  the  following  equation,***' 


Figure  2.4  Instrumental  setup  for  UME  experiments  at  low  scan  rates. 
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Figiire  2.5  Instrumental  setup  for  UME  experiments  at  high  scan  rates. 
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RCnv^AmV  (2.6) 

where  the  R  is  the  resistance  (Q)  of  the  first  order  fiker  (i.  e.  the  feedback  resistance  Rf  for 
OP  AD515A),  C  is  the  capacitance  (F)  of  the  first  order  fiher  (i.e.  the  capacitance  of  the 
feedback  capacitor  for  OP  AD5 1 5  A),  n  is  of  electrons  number  in  the  redox  reaction,  and  u 
is  the  scan  rate  (V/sec).  At  low  scan  rates  (less  than  40  V/s),  the  time  constant  of  the  system 
is  set  at  100  ^s  which  allows  use  of  scan  rates  up  to  40V/s  for  one  electron  reactions  (  or  20 
V/s  for  two  electron  reactions)  with  negligible  distortion  in  the  AEp.  Figure  2.6  shows  the 
measured  current  (pico  amperes)  obtained  from  the  BAS  in  conjunction  with  the  amplifier. 

Voltartmietry  at  high  scan  rates 

One  of  the  advantages  of  using  UMEs  is  that  the  current  is  small  and  thus  there  is  no 
need  to  use  an  auxiliary  electrode.  Therefore,  the  circuit  of  the  potentiostat  can  be  simplified 
into  a  two-electrode  configuration.  The  current  transducer  used  for  low  scan  rates  can  be 
used  as  a  potentiostat  for  fast  scan  measurements  in  conjunction  with  a  waveform  generator 
and  a  digital  oscilloscope.  The  potentiostat  was  designed  to  have  a  two-electrode 
configuration  (one  reference  and  one  working  electrode).  The  potential  waveform  generated 
fi-om  the  ftmction  generator  is  applied  to  the  reference  electrode.  Current  passing  through 
the  UME  working  electrode  is  converted  and  is  amplified  to  voltage  through  the  current 
transducer.  The  output  of  the  current  transducer  (voltage)  and  the  potential  waveform  at  the 
reference  electrode  are  then  simultaneously  measured  with  the  digital  oscilloscope.  The 
transducer  is  designed  with  flexibility  and  low  noise  in  mind.  Different  gains  (10*  to  10* 
V/A)  are  obtained  with  different  resisters  (1  to  100  MQ). 


Figure  2.6  Cyclic  voltammogram  of  0.1  mM  FeCCN)^ '"  in  70  mM  pH  7.0  phosphate  buffer 
obtained  from  the  current  transducer  connected  to  the  BAS.  The  scan  rate  is  10  mV/s.  The 
gain  of  the  current  transducer  is  10000  and  the  time  constant  of  the  first  order  filter  is  100 
^s.  The  working  electrode  is  a  carbon  electrode  (7  ^m). 
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As  was  described  above,  a  first  order  filter  with  different  time  constants  (1  to  100  ^is) 

is  used  with  OP  ADS  1 5A  (Figure  2.3)  to  minimize  noise.  Again,  equation  1  can  be  used  as 

a  guide  for  setting  the  time  constant  of  the  potentiostat.  A  10  ^s  time  constant,  for  example, 

will  allow  a  scan  rate  of  400  V/s  to  be  used  for  one  electron  reactions  with  negligible 

distortion  in  the  voltammogram.  With  1  \is  time  constant,  scan  rate  of  4,000  V/s  will  be  the 

maximum  scan  rate  allowed  for  obtaining  undistorted  voltammograms.  Figure  2.7  shows  the 

voltammogram  of  dopamine  at  a  scan  rate  of  2,000  V/s.  Since  the  large  charging  current  can 

obscure  the  faradic  current  at  high  scan  rates,  the  voltammogram  needs  to  be  background 

subtracted.  The  background  voltammogram  was  obtained  in  a  buffer  solution  and  stored  in 

the  digital  oscilloscope  or  in  the  computer.  A  buffer  solution  with  analyte  was  then  added 

and  the  voltammogram  was  acquired.  The  voltammogram  was  background  subtracted  to 

obtain  a  clear  voltammogram. 

The  potentiostat  design  is  not  limited  to  fast  scan  voltammetry.  It  can  be  used  in  all 

electrochemical  applications  which  need  a  fast  instrumental  time,  such  as  fast  potential  step 

I 
amperometry.  The  digital  oscilloscope  is  the  most  expensive  part  of  the  potentiostat,  because 

the  digital  oscilloscope  has  a  very  high  bandwidth  (150  MHZ)  as  well  as  other  extra 

functions.  However,  a  bandwidth  of  10  MHZ  is  sufficient  for  all  fast  electrochemical 

measurements  described  above.   Thus,  the  digital  oscilloscope  may  be  replaced  with  an 

analog-to-digital  converter  which  has  a  narrower  bandwidth  but  is  much  less  expensive. 


Figure  2.7  Voltammogram  of  0.18  mM  dopamine  at  2,000  V/s  in  70  mM  pH  7.0  phosphate 
buffer  with  a  carbon  electrode  (7  |im).  The  voltammogram  is  backgroimd  subtracted  and 
signal  averaged  1000  times. 
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Fundamentals  of  Electrochemical  Methods 

Cyclic  Voltammetry 

In  cyclic  voltammetry  (CV)  experiments,  the  potential  is  scanned  from  an  initial 
value  where  no  reaction  occurs  to  a  final  value  where  the  reaction  rate  is  limited  b\'  diffusion 
current.  The  potential  is  then  swept  back  to  the  initial  potential.  The  time  scale  of  the 
experiment  is  expressed  as  scan  rate,  v  (V/s),  which  is  the  rate  of  potential  sweep.  The 
potential  range  between  initial  and  final  potential  is  called  the  potential  window.  In  a  cyclic 
voltammogram  which  is  recorded,  the  current  from  the  redox  reaction  gradually  rises  after 
the  potential  is  swept  past  the  potential  where  the  electrochemical  reaction  occurs.  The 
current  then  reaches  a  peak  and  then  gradually  decreases.  The  potential  where  the  current 
reaches  a  maximum  is  called  the  peak  potential,  Ep.  The  potential  difference  between  the 

reduction,  Ep^,  and  the  oxidation,  Ep^,  peak  potentials  is  expressed  as  a  AEp  =Ep<.-Ep,.  Figure 

1 
2.8  illustrates  the  details  of  a  voltammogram  and  the  relationship  of  time  scale  ,  potential, 

and  current. 

The  value  of  AEp  is  an  indicafion  of  a  reversibility  of  a  redox  reaction.  For  an  one 

electron  reversible  reaction,  the  AEp  value  is  around  58  mV.*'  For  a  quasi-reversible  redox 

reaction,  the  AEp  is  between  60  and  212  mV.**  If  the  value  of  AEp  is  above  212  mV,  the 

reaction  is  considered  irreversible.**  The  theoretical  peak  current  for  a  diffusion  controlled 

reversible  reaction  can  be  expressed  as  follows:** 
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i^  -  (2.69xlO>"'^"'v"^C;  (2.7) 

and  for  a  diffusion  controlled  irreversible  reaction,  the  peak  current  is: 


/^  =  (2.99x1  OXa«J'^^D;''v"'C;  (2.8) 

where  n  is  the  number  of  electrons  per  mole  oxidized  or  reduced,  A  is  the  electrode  area 
(cm^),  D„  is  the  diffusion  coefficient  (cmVs),  v  is  the  scan  rate  (V/s),  Cj  is  the  bulk 
concentration  of  the  redox  species  (mol/cm^),  o  is  the  transfer  coefficient,  and  n.  is  the 
number  of  electrons  involved  in  the  rate  determining  step. 

Equations  2.7  and  2.8  define  voltammetric  peak  currents  for  diffusing  species.  For 
adsorbed  species,  the  peak  current  for  a  reversible  reaction  is: 


n^F^AvT 


I    - 


'  ART 

and  for  an  irreversible  reaction  is: 


(2.9) 


nan  F^^vF 


; 


'  2.7\iRT 


(2.10) 


where  n  is  the  number  of  electrons  per  mole  oxidized  or  reduced,  A  is  the  electrode  area 
(cm^),  V  is  the  scan  rate  (V/s),  T,,  is  the  surface  excess  of  the  redox  species  (mol/cm^),  a  is 
the  transfer  coefficient,  n.  is  the  number  of  electrons  involved  in  the  rate  determining  step, 


Figure  2.8  A  typical  cyclic  voltammogram. 
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R  is  the  gas  constant  (J  mol"'  K'),  T  is  the  temperature  (K),  and  F  is  the  Faraday  constant 
(C). 

Voltammograms  at  conventional  electrodes  (ca.  mm  in  diameter)  are  peak-shaped  and 
the  peak  currents  depend  on  scan  rate  (equations  2.7  and  2.8).  At  UMEs,  the 
voltammograms  are  sigmoidal  in  shape  and  the  limiting  current  is  independent  of  scan  rate 
at  scans  up  to  ca.  1  V/s  which  results  from  an  edge  effect  (radial  difftision).  This  effect  has 
been  described  in  Chapter  One.  Since  the  radius  of  UMEs  is  small  enough  compared  to  the 
thickness  of  the  diffusion  layer  under  common  experimental  conditions  (i.e.  scan  rates  of  up 
to  1  V/s),  radial  diffusion  can  be  established  at  a  UME.  Because  radial  diffusion  is  so 
efficient,  steady  state  mass  transport  can  be  obtained.  In  the  steady  state,  the  current  is  time- 
independent  and  the  scan  rate  does  not  affect  the  shape  and  the  size  of  the  voltammetric 
wave.  For  a  disk  UME,  the  limiting  current  at  steady  state  is  expressed  by  the  following 


equation: 


.13 


/  =  AnFDCr 


(2.11) 


where  n  is  the  number  of  electrons  per  mole  oxidized  or  reduced,  r  is  the  electrode  radius 
(cm),  D  is  the  diffusion  coefficient  (cm^/s),  C  is  the  bulk  concentration  of  the  redox  species 
(mol/cm^)  ,  n  is  the  number  of  electrons  involved  in  the  reaction,  and  F  is  the  Faraday 
constant  (C). 

It  should  be  noted  that  the  unique  voltammetric  response  of  UMEs  exists  only  at  low 
scan  rates  (less  than  1  V/s)  where  the  diffusion  layer  is  thick  compared  to  the  electrode 
radius.  As  the  scan  rate  increases  (higher  than  1  V/s  for  a  S^im  UME),  the  sigmoidal  shape 
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of  the  voltammograms  is  gradually  transformed  into  a  peak-shaped  voltammogram. 
Eventually,  at  sufficiently  high  scan  rates  (above  100  V/s),  the  shape  of  a  voltammogram 
obtained  with  a  UME  at  high  scan  rates  is  the  same  as  that  with  a  conventional  electrode.  In 
fact,  the  diffusion  behavior  at  a  UME  at  high  scan  rates  is  the  semi-infinite  diffusion 
behavior  as  described  for  conventional  size  electrodes.  Therefore,  all  theories  for 
conventional  size  electrodes  can  be  applied  to  analyze  the  response  of  UMEs  at  high  scan 
rates. 

Kinetic  Measurements  with  Cyclic  Voltammetrv  , 

Voltammetric  AEp  (Fig.  2.8)  is  an  indicator  of  the  reversibility  of  a  redox  reaction. 
For  a  one  electron  reaction  with  no  adsorption,  AEp  between  58  and  212  mV  is  considered 
as  a  quasi-reversible  behavior  and  from  the  AEp  values  for  a  quasi-reversible  reaction,  kinetic 
information  can  be  obtained  for  the  reaction.** 

The  electrochemical  redox  reaction  rate  constants  depend  on  the  potential  applied  to 
the  electrode  surface.  Therefore,  a  redox  reaction  wdth  a  low  inherent  reactivity  may  have  a 
large  reaction  rate  constant  if  a  large  overpotential  is  applied  to  the  electrode.  The 
electrochemical  (heterogeneous)  reaction  rate  constant  can  be  expressed  as  follows:** 


k    -  k'e"^^-^"''  (2-12) 
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^       ^  ^Og  (!-.>»(£ £»')  (2.13) 


'^nd 


where  k^,  (cm/s)  is  the  heterogeneous  oxidation  rate  constant  at  a  potential  E,  k^  (cm/s)  is 
the  heterogeneous  reduction  rate  constant  at  a  potential  E,  k°  (cm/s)  is  the  standard  reaction 
rate  constant  measured  at  E"',  a  is  the  transfer  coefficient,  f  is  equal  to  F/RT  which  is  a 
constant  (38.92V')  at  a  temperature  of  25  °C,  n  is  the  number  of  electrons  involved  in  the 
redox  reaction,  E"'  (V)  is  the  formal  potential  for  the  redox  reaction,  and  the  term  (E-E")  is 
the  overpotential. 

According  to  equations  2.12  and  2.13,  k^^  and  k^  are  a  function  of  the  applied 
potential  E  (or  the  overpotential).  At  the  potential  of  E=E''',  both  k„,  and  k„d  are  equal  to  k°. 
The  k"  is  independent  of  the  applied  potential  but  depends  on  the  inherent  reactivity  of  the 
redox  system.  Thus,  we  can  use  standard  reaction  rate  constant  (k°)  as  a  reference  point  (an 
indicator)  for  the  reactivity  of  a  redox  system  without  confusion  caused  by  differences  in  the 
applied  potential. 

A  method  developed  by  Nicholson  can  be  used  to  calculate  standard  reaction  rate 
constants  from  cyclic  voltammograms.*'  A  kinetic  parameter  i|r  is  determined  from  the  AEp 
values  in  cyclic  voltammograms  of  quasi-reversible  systems.  The  k°  is  then  determined  from 
the  value  i|r  and  the  scan  rate.  Their  relationship  is  expressed  by  the  following  equation:***' 


[D  n\(nF/RT)f 


(2.14) 
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where  t  is  a  function  of  AEp.  The  larger  the  AEp,  the  smaller  the  i|r.  k°  (cm/s)  is  the  standard 
reaction  rate  constant.  The  value  of  ijf  can  only  be  obtained  by  numerical  analysis.  Figure 
2.9  is  a  plot  of  AEp  vs  ^.  It  should  be  noticed  that  the  coordinate  of  \|;  is  logarithmic,  thus, 
a  small  error  in  AEp  will  cause  a  large  deviation  in  t  (or  in  calculated  k°). 

For  redox  reactions  of  adsorbed  species,  Nicholson's  method  is  not  valid.  However, 
a  method  developed  by  Laviron  can  be  used  to  calculate  the  standard  reaction  rate  constant. 
According  to  Laviron's  theory,  the  standard  rate  constant  of  an  adsorbed  species  can  be 
expressed  by  a  following  equation:'" 

DT     a(l-a)«FA£ 

logyt"  =  alog(l-aHl-a)loga-log(^) "  (2.15) 

nF\  2.3RT 

The  equation  is  valid  for  nAEp  >  200  mV.  In  the  above  equation,  k°  is  the  standard 
reaction  rate  constant  (s'),  «  is  the  electron  transfer  coefficient,  n  is  the  number  of  electrons 
involved  in  the  reaction,  R  is  the  gas  constant  (J  mol'  K'),  T  is  the  temperature  (K),  F  is  the 
Faraday  constant  (C),  v  is  the  scan  rate  (V/s),  and  AEp  is  the  peak  separation  measured  from 
a  cyclic  voltammogram. 

Semi-Integration  Analvsis 

Voltammetric  current  (i  vs  E(t))  can  be  integrated  as  a  function  of  square  root  of  time 
to  produce  a  steady  state  response  and  the  method  is  referred  to  as  semi-integration  analysis. 
Semi-integration  analysis  is  useful  for  obtaining  kinetic  information  and  in  verification  of 


Figure  2.9  A  plot  of  AEp  vs  kinetic  parameter  i|;  (reference  88  and  89). 
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weak  adsorption.''-'^  Semi-integration  analysis  was  used  in  this  work  to  verify  the  presence 
of  weak  adsorption  at  high  scan  rates.  If  the  redox  reaction  involves  only  diffusing  probes, 
semi-integrated  current  will  have  a  sigmoidal  shape.  If  there  is  weak  adsorption  of  the  probe 
on  the  electrode  surface,  semi-integrated  current  will  be  peak-shaped.  Therefore,  semi- 
integration  is  a  very  sensitive  method  for  identification  of  weak  adsorption. 

Semi-integration  analysis  can  be  performed  by  a  numerical  integration  technique  with 
a  help  of  a  computer.  The  integration  algorithm  can  be  described  as  following.  The  i-t  data 
are  divided  into  N  equally  spaced  time  intervals  between  t  =  0  and  t=tf  and  indexed  by  j 
(Figure  2.10).  The  integrated  current,  I(t),  becomes  I(kAt)  (where  k  varies  between  0  and  N, 
representing  t=  0  and  t  =  t^;  At  ==  t/N).  The  following  is  the  mathematical  expression  for  the 


semi-integration  algorithm 


.93 


1        ^^*-^4^  nifi^ 

71 '«         (*-;•)! 


where  I,  the  semi-integrated  current  (^As''^),  is  a  function  of  time  (kAt),  i  is  the  faradic 
current  {\iA),  and  r(k-j+l/2)  is  the  so  called  Gamma  function  of  (k-j+1/2).  The  summation 
2  is  from  j=l  to  j=k,  where  j  and  k  are  the  indexing  numbers  for  the  numerical  integration. 
The  Gamma  function  is  expressed  in  the  form:'^ 


ix„.i) .  ^mh:endi  (2.,  7) 

2  2" 


A  computer  program  has  been  written  in  our  laboratory  using  the  above  algorithm  (Appendix 
B)  to  perform  semi-integration  analysis. 


Figure  2.10.  Division  of  experimental  i(t)  vs.  t  [or  vs.  E(t)]  curve  for  semi-integration. 
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Measurement  of  Diffusion  Coefficients  with  Rotating  Disk  Electrodes 

Diffusion  coefficients  of  probes  in  films  can  be  measured  with  the  rotating  disk 
electrode  (RDE).  With  the  RDE,  the  diffusion  limiting  current  (i^)  is  proportional  to  the 
square  root  of  the  rotation  rate  ta  (s')-'"'  The  intercept  of  a  plot  of  ij"'  versus  o)"'"  (Koutecky- 
Levich  plot)  gives  i^''  at  the  infinite  rotation  rate.'"*  At  infinite  rotation  rate,  the  effect  of 
diffiision  of  the  probe  in  solution  becomes  negligible,  and  ij  simply  depends  on  the  diffusion 
of  the  probe  through  the  film.*'-''-'*  For  a  membrane  covered  RDE,  the  membrane  diffusion 
limiting  current,  i^ ,  at  an  infinite  rotation  rate,  is  given  by: 


r  =  nFAC-P    -  nFACD   lb  (2.18) 


where  A  (cm^)  is  the  electrode  area,  ?„,  (cm/s)  is  the  permeability  of  the  film,  and  C*  (M)  is 
the  bulk  concentration  of  the  probe.  D^pp  (cmVs)  is  the  apparent  diffusion  coefficient  of  the 
probe  in  the  film  and  6^  (cm)  is  the  thickness  of  the  film.  D^pp  can  be  obtained  fi-om  equation 
2.18  since  ij  can  be  obtained  fi-om  the  Koutecky-Levich  plot  of  the  experimental  data  with 
n,  F,  A,  C*  and  b„  as  knowns.  The  above  method  can  be  used  to  determine  D^pp  of  probes 
at  macroelectrodes  modified  with  films.  For  an  ultramicroelectrode,  it  is  diflficult  to  measure 
Dgpp  of  a  probe  with  the  above  method  because  an  ultramicro  rotating  disk  electrode  is 
extremely  difficult  to  make. 
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Chronocoulometry 


Chronocoulometric  (CC)  experiments  are  performed  by  stepping  the  potential  of  a 
working  electrode  from  a  potential  where  the  rate  of  the  redox  reaction  is  negligible  to  a 
potential  where  the  reaction  rate  is  diffusion  limited.  The  charge  passed  is  monitored  as  a 
ftinction  of  time,  and  can  be  expressed  as:'^ 


m  = 


InFAD'^C-t' 


(2.19) 


where  Q  is  the  charge  as  a  function  of  time  (C),  n  is  the  number  of  electrons  per  mole 
oxidized  or  reduced,  F  is  the  Faraday  constant  (C),  A  is  the  electrode  area  (cm-),  D  is  the 
diffusion  coefficient  (cm^/s),  C*  is  the  bulk  concentration  of  the  redox  species  (mol/cm^),  and 
t  is  the  pulse  width  (s). 

Based  on  equation  2.19,  a  plot  of  Q(t)  vs.  t"^  should  produce  a  straight  line  with  a 
slope  of  2nFAD"^C7n"^.  The  values  of  the  slope  can  be  used  to  determine  electrode  areas 
(A)  or  diffusion  coefficients  (D).  In  this  work,  chronocoulometry  was  used  to  determine  the 
electrode  areas.  In  the  experiments  with  polypyrrole  films,  chronocoulometry  was  used  to 
determine  the  amount  of  pyrrole  polymerized  on  the  electrode  surface  by  measuring  the 
charge  used  in  the  polymerization  reactions. 


CHAPTER  3 
FAST  KINETIC  MEASUREMENTS  IN  AQUEOUS  SOLUTIONS  WITH  ON-LINE 

IR  COMPENSATION 


Background 

Many  fast  heterogenous  electron  transfer  reactions  have  been  characterized  since 
UMEs  have  been  introduced  for  the  fast  scan  cyclic  voltammetry.''-''^'"  Most  research  has 
focused  on  pushing  the  upper  limit  of  scan  rate  (up  to  MV/s)  to  investigate  faster  reactions 
where  majority  of  the  experiments  have  been  performed  in  nonaqueous  solvents  at  metallic 
ultramicroelectrodes  (Au,  Pt  or  Hg). 

Compared  to  metallic  electrode,  carbon  electrodes  in  aqueous  solutions  have  a  large 

and  irregular  backgroimd  current  due  to  faradaic  processes  of  surface  bound  redox  couples 

which  make  fast  kinetic  measurements  very  difficult.  Because  background  current  is 

proportional  to  scan  rate  (equation  1.1),  it  severely  interferes  v^dth  signal  of  interest  unless 

I 
background  subtraction  is  performed.  There  are  a  few  reports  of  fast  scan  cyclic  voltammetry 

measurements  (  up  to  300  V/s)  at  carbon  fiber  electrodes  in  aqueous  solutions  for 

quantitative  piuposes  (such  as  low  detection  limit  measurements)."'  To  our  knowledge, 

there  is  no  report  on  kinetic  measurements  with  carbon  electrodes  in  aqueous  solutions  at 

scan  rates  above  5000  V/s. 

Measurements  of  fast  electron  transfer  reactions  at  carbon  electrodes  are  important 
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in  aqueous  solutions  because  carbon  electrodes  have  wider  useful  potential  window  than 
useful  metallic  material,  which  means  more  redox  reactions  can  be  observed  at  carbon 
electrodes  than  at  metallic  electrodes.  Moreover,  many  redox  reactions,  especially  of 
significant  biomolecules,  show  faster  electron  transfer  rates  at  carbon  electrodes  than  at  metal 
electrodes.  The  other  reason  that  makes  carbon  electrodes  of  interest  is  that  carbon  electrodes 
can  be  manipulated  relatively  easily.  Carbon  surface  can  be  directly  modified,  and 
electrochemical  pretreatment,  heat  pretreatment  or  laser  activation  can  also  change  the 
properties  of  carbon  surfaces  and  promote  faster  electron  transfer.'* 

In  this  work  we  demonstrate  that  measurement  of  rate  constants  of  very  rapid  redox 
reactions  can  be  done  up  with  fast  cyclic  voltammetry  to  1 1 ,000  V/s  on  carbon  fiber 
electrodes  with  on-line  iR  compensation  and  backgroimd  subtraction.  We  also  investigate 
how  carbon  surface  changes  affect  electron  transfer  rates.  We  investigated  redox  reaction 
kinetics  of  RuCNHj^^*'^*'  and  FeCCN)^*^""'"'  which  are  two  well  known  rapid  outer-sphere 
redox  reactions.  We  were  also  interested  in  proton-coupled  redox  reactions  of  a  biomolecule. 
The  compoimd  chosen  for  the  study  was  uric  acid  which  imdergoes  a  2H*,  2e"  redox  reaction 
in  aqueous  solutions.  A  rapid  follow  up  reaction  makes  the  cathodic  peak  undetectable 
unless  the  scan  rate  is  higher  than  20  V/s?  In  our  laboratory,  the  acquired  data  show  that  uric 
acid  is  weakly  adsorbed  on  the  carbon  fiber  surface.  In  such  a  case,  kinetic  information  is 
difficult  to  extract  since  the  faradaic  current  is  produced  by  diffusing  and  adsorbing  species. 
However,  the  current  from  adsorbed  species  is  proportional  to  scan  rate  (equations  2.9  and 
2.10)  and  the  current  from  diffusing  species  is  proportional  to  a  square  root  of  scan  rate 
(equations  2.7  and  2.8).  At  sufficiently  high  scan  rates  adsorption  current  should  be  the  major 
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current.  Under  such  conditions  the  effect  of  diffusion  current  on  peak  current  and  peak 
potential  is  negligible.  Therefore  the  AEp  is  determined  by  adsorbed  species  alone.  The 
standard  rate  constant  of  adsorbed  species  can  then  be  easily  calculated  (equation  2.15).  In 
this  chapter,  the  determination  of  the  standard  redox  rate  constants  of  RuCNHj)^^'^'^*', 
Fe(CN)6<^"'''"'  and  uric  acid  will  be  discussed  as  well  be  the  role  of  surface  in  the  redox 
reactions. 

Signal  Averaging  and  its  Effect  on  Surface  Properties 

Signal  averaging  is  frequently  used  to  improve  the  ratio  of  sinal-to-noise  for 
quantitative  purposes.  It  can  also  be  used  in  fast  electrochemical  kinetic  measurements  to 
improve  the  accuracy  of  measurement  of  peak  potentials  by  reducing  the  interference  of 
noise.-'  Signal  averaging  seems  adequate  when  a  metal  electrode  is  used.  However,  when 
applying  signal  averaging  to  an  untreated  carbon  fiber  electrode  in  aqueous  solutions  caution 
is  necessary  since  surface  properties  can  be  changed  dramatically  due  to  repeated  cycling 
which  is  needed  for  signal  averaging.  The  extent  of  change  in  surface  properties  depends  on 
cycling  potential  limits  and  scan  rate.  High  positive  potential  limit  (e.g.  +1.1  V  vs.  SCE  in 
the  case  of  uric  acid  )  will  speed  up  the  formation  of  surface  oxide.  The  amount  of  surface 
oxide  increases  more  rapidly  when  high  positive  potential  limit  and  slower  scan  rates  (e.g. 
+1 . 1  V  vs.  SCE  and  a  scan  rate  of  200  V/s  in  the  experiments  with  uric  acid)  are  used  since 
the  time  of  potential  sweep  through  the  positive  region  is  increased. 

For  example,  background  current  and  the  k"  of  RuGWj)^^^*'^*^  were  not  significantly 
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changed  after  averaging  1000  cycles  when  the  upper  potential  was  0.16  V  vs.  SCE  at  a  scan 
rate  of  1 1000  V/s.  However,  the  k"  of  Fe(CN V^-'*-*  was  greatly  reduced  after  1500  cycles  at 
a  scan  rate  of  500  V/s  with  an  upper  potential  of  0.6  V  vs.  SCE.  The  background  current  and 
the  peak  current  of  uric  acid  changed  significantly  after  1000  cycles  when  the  upper  potential 
was  1.1  V  vs.  SCE  at  a  scan  rate  of  200  V/s. 

Surface  Properties  of  Carbon  Fiber  and  Their  Effect  on  Response  of  RurNH,  V^^^^"^'. 

FefCNV^-'"-' and  Uric  Acid 

Semiintegral  analysis  of  the  cyclic  voltammetric  response  (Figure  3.1)  shows  a 
sigmoidal  response  which  indicates  that  Ru(NH3y-'*  •^"*  does  not  adsorb  on  freshly  cut  carbon 
fiber  electrode.'*'  However,  the  condition  of  the  surface  plays  an  important  role  in  the 
kinetics  of  this  redox  reaction.  Faradaic  background  currents  are  often  observed  at  a  potential 
of  0.2-0.3  V  vs  SCE  on  carbon  electrodes.*  Because  of  this,  two  different  upper  potential 
limits  (0. 1 7  and  0.4  V)  were  used  in  the  experiments  with  RuCNHj)^^^'"^'^'  to  observe  the  effect 
of  the  surface  on  kinetics  of  the  redox  reaction.  At  a  scan  rate  of  1 1000  V/s,  AEp  for  the 
cyclic  voltammetric  peaks  of  RuCNHjV^^'^'^^  is  1 10  mV  and  no  significant  increase  in  the  AEp 
is  observed  after  200  cycles  when  the  upper  potential  is  0.17  V.  When  the  upper  potential 
limit  is  above  0.4  V,  AEp  increases  more  than  30  mV  after  the  same  number  of  cycles.  With 
this  upper  potential  limit  the  background  current  also  increases  and  its  shape  changes  which 
indicates  surface  changes.  When  the  electrodes  are  treated  electrochemically  as  described 
earlier  in  the  Experimental  section,  the  peak  width  and  the  AEp  are  greatly  increased.  Those 


Figure  3.1.  Semi  integrated  cyclic  voltammetric  current  of  10  mM  RuCNHj)^'^^'^^^  in  1  M  KCl 
solution  at  a  freshly  cut  carbon  fiber  electrode  (7  |im).  Scan  rate  is  5000  V/s. 
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results  indicate  that  changes  in  surface  properties  of  carbon  fiber,  most  likely  formation  of 
surface  oxides  at  positive  potentials,  slow  down  the  redox  reaction  of  RuOIHj V^*  -''. 

Semiintegral  analysis  of  cyclic  voltammetric  response  indicates  that  FeCCNy^"'*'^ 
does  not  adsorb  on  freshly  cut  carbon  fiber.  However,  the  AEp  of  Fe(CNV^"^'  increases  from 
111  to  253  mV  after  1500  cycles  at  a  scan  rate  of  500  V/s  with  an  upper  potential  limit  of  0.6 
V.  The  results  show  that  Fe(CN)6'^'"^*  response  deteriorates  similarly  to  that  of  RuCNHjV^^'^^^ 
when  the  carbon  surface  is  exposed  to  positive  potentials. 

Electrochemical  pretreatment  has  been  reported  to  improve  the  kinetics  of  the  redox 
reaction  of  uric  acid  on  carbon  fiber  electrodes.  After  the  carbon  fiber  was  pretreated  as 
described  in  the  Experimental  Section,  a  significant  enhancement  of  the  voltammetric 
response  was  reported  at  low  scan  rates  (50  mV/s).*'  The  same  pretreatment  was  repeated 
in  our  laboratory  to  improve  the  kinetics  of  the  redox  reaction  of  uric  acid  with  fast  scan 
cyclic  voltammetry.  However,  after  pretreatment  at  scan  rates  of  400  V/s  peak  currents  were 
greatly  decreased  (Figure  3.2).  Before  pretreatment  semiintegral  analysis  of  the  cyclic 
voltammetric  data  shows  a  clear  peaked  response  which  indicates  uric  acid  adsorption 
(Figure  3.3).  After  pretreatment,  semiintegral  analysis  shows  a  nearly  sigmoidal  response 
which  indicates  no  adsorption  or  very  low  adsorption  current  (Figure  3.3).  Reasonable 
explanation  for  this  phenomena  is  that  pretreatment  changes  the  properties  of  the  surface 
hence  the  surface  excess  due  to  the  adsorbed  species  is  dramatically  decreased.  At  high  scan 
rates,  peak  currents  are  greatly  decreased  when  adsorption  becomes  less  favored. 


Figure  3.2.  Cyclic  voltammograms  of  1  mM  uric  acid  in  1  M  pH  7.0  phosphate  buffer  at  a 
carbon  fiber  electrode  (7  ^m).  Scan  rate  400  V/s.  Solid  line  -  freshly  cut;  dashed  line  - 
electrochemically  pretreated.  (For  pretreatment  procedure  see  the  Experimental  Section) 
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Figure  3.3.  Semiintegrated  cyclic  voltammetric  currents  of  uric  acid  in  Figure  3.2.  Solid  line 
-  freshly  cut;  dashed  line  -  electrochemically  pretreated. 
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Kinetics  of  RufNH.Ifi'^^  -"'  on  Freshlv  Cut  Carbon  Fiber 

Redox  reaction  of  RuCNHjV^"^'^"^'  is  a  fast,  outer-sphere,  one-electron  transfer  reaction. 
Kinetics  of  Ru(NH3)6'^*'''^'  had  been  measured  on  Hg  ultramicroelectrode  by  fast  scan 
voltammetry  and  a  standard  reaction  rate  constant  k^^O^S  cm/s  had  been  reported.-^  Using 
an  AC  impedance  technique  at  a  chemically  modified  gold  electrode,  k''=1.8  cm/s  had  been 
reported.'  The  theoretical  electrochemical  outer-sphere  heterogeneous  rate  constant  can  be 
derived  from  the  Marcus  equation:* 


-^  (3.1) 

10' 


where  k°  is  the  heterogeneous  standard  rate  constant  (corrected  for  the  double  layer  effect) 
and  kex  is  homogeneous  self-exchange  rate  constant  (M's').  Values  of  k^^  found  in  the 
literature  for  RuCNHj)^*^^'^'^'  are  8.2x10"  (direct  determination)  in  aqueous  solution  and  4x10^ 
M"'s"'  (indirect  determination).'  The  expected  values  of  the  standard  reaction  rate  constant 
calculated  from  equation  3. 1  are  0.92  and  2.0  cm/s.  From  our  experimental  results  following 
iR  compensation,  the  standard  reaction  rate  constant  is  k°=1.22  ±  0.07  cm/s  (  N=  15  )  at 
freshly  cut  carbon  fiber  electrode  at  a  scan  rate  of  1 1 000  V/s,  using  the  following  values  in 
the  calculation:  electron  transfer  coefficient  a=0.5  and  diffusion  coefficient  Dox=5.48xl0" 
*cm^s"' .'°  Due  to  the  lack  of  data  for  carbon  electrodes,  experimental  k"  was  not  corrected 
for  the  double  layer  effects.  Only  reproducibilty  errors  are  considered  in  the  accuracy  of  the 
detemination  of  k°.  Systematic  errors  (e.g.  residual  ohmic  drop)  are  not  taken  into  account. 
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Nicholson  method  was  used  to  calculate  the  standard  reaction  rate  constant  (equation 
2.14).  A  value  of  the  parameter  ^  is  determined  by  AEp.  Then  k°  is  determined  from  rj;  and 
the  scan  rate.  However,  at  high  scan  rates  (  1 1  ,OOOV/s)  used  to  measure  k°,  adsorption,  if 
present,  will  greatly  decrease  AEp  and  would  cause  the  calculated  k°  to  be  much  higher  than 
its  true  value.  To  check  if  adsorption  current  contributes  to  the  measured  voltammogram, 
semiintegral  analysis  was  performed.  A  sigmoidal  semiintegrated  current  curve  indicates  that 
RuOfHjV^"''^'^*  does  not  adsorb  on  freshly  cut  carbon  fibers  .'^-^^Fig.  3.1) 

Figure  3.4  shows  voltammograms  of  Ru(NH3)6^^^'^'^^  obtained  at  1 1000  V/s  showing 
the  difference  in  response  before  and  after  on-line  iR  compensation.  Without  iR 
compensation,  the  peak  separation  is  larger  and  peak  current  is  smaller  since  the  scan  rate 
at  the  working  electrode  is  decreased  by  the  iR  drops. 

The  results  show  that  RuCNHj)^^^*'^*)  exhibits  faster  electron  transfer  kinetics  (k°=l  .22 
cm/s)  on  a  freshly  cut  carbon  fiber  than  on  a  mercury  ultramicroelectrode.  For  outer-sphere 
electron  transfer,  apparent  reaction  rates  are  usually  much  slower  on  carbon  electrodes  than 
on  metal  electrodes  unless  the  carbon  electrode  is  treated.^*  The  redox  reaction  of 
RuCNHj)^^^*'^*'  on  untreated  glassy  carbon  is  usually  a  quasi-reversible  reaction  (typical  k" 
equal  to  ca.  0.014  cm/s)." 

The  redox  reaction  of  RuCNHj)^*^'^'^^^  is  very  rapid  on  the  freshly  cut  carbon  fiber 
compared  to  glassy  carbon,  which  indicates  that  the  activity  of  the  fi-eshly  cut  carbon  fiber 
surface  may  be  much  higher.  The  high  activity  of  fi^shly  cut  carbon  fiber  could  be  due  to  the 
following  factors.  First,  the  density  of  edge  planes  on  the  surface  may  be  higher  at  carbon 
fiber.  Secondly,  the  roughness  of  the  surface  which  increases  the  active  area  available  for 


Figure  3.4.  Cyclic  voltammograms  of  10  mM  RuCNHjV*^'*^'  in  1  M  KCl  solution  at  a 
freshly  cut  carbon  fiber  electrode  (7  |im).  Scan  rate  is  11,000  V/s.  The  solid  line  is  the 
current  response  with  iR  compensation  (Compensated  resistance  Rj=6.9  KQ).  The  dashed 
line  is  the  current  response  without  iR  compensation. 
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electron  transfer  is  higher  at  a  cut  carbon  fiber,  because  the  carbon  fiber  is  cut  without  any 
subsequent  polishing.  An  additional  reason  that  could  contribute  to  the  high  activity  of  the 
freshly  cut  fiber  electrode  is  the  cleanness  of  the  surface.  Since  the  fiber  electrode  is  made 
without  relying  on  any  polishing  procedure,  the  electrode  surface  can  avoid  contaminants 
which  may  be  introduced  during  surface  treatment. 

Kinetics  of  Fe(CN1.<^-^''->  on  Freshlv  Cut  Carbon  Fiber 

Redox  reaction  of  FeCCN)^*^''''''  is  a  fast  outer-sphere,  one  electron  reaction.  However, 
it  shows  a  quasi-reversible  response  at  untreated  glassy  carbon.  The  standard  reaction  rate 
constant  is  usually  reported  in  the  0.005  cm/s  range  at  untreated  glassy  carbon  following 
polishing.^*'"*  When  special  treatment  (  such  as  ultraclean  polish,  high  speed  polish  and 
surface  fi-acturing)  are  applied,  the  standard  reaction  rate  constants  are  0.14,  0.098  cm/s  and 
0.5  cm/s  respectively.'^'  '^-  '*  Our  results  show  that  the  kinetics  of  the  redox  reaction  of 
Fe(CN)6<^"'*'^  at  fi-eshly  cut  untreated  carbon  fibers  are  much  faster  than  at  untreated  glassy 
carbon  .  The  standard  reaction  rate  constant  of  Fe(CN)6<^"''*''  determined  by  the  Nicholson 
method  is  k°=0.13  ±  0.02  cm/s  (N=12)  on  fi-eshly  cut  carbon  fiber.  A  diffusion  coefficient 
D°=7.17  X  10"*cm^/s  and  electron  transfer  coefficient  o=0.5  were  used  in  the  calculation.  The 
apparent  high  activity  of  cut  carbon  fiber  electrode  in  this  reaction  must  be  due  to  the  same 
reasons  that  were  described  earlier  -  high  density  of  edge  plane,  roughness  and  cleanness  of 
the  surface.  Compared  to  the  ultraclean  polished  glassy  carbon  (k°=0.14  cm/s),  the  fi-eshly 
cut  carbon  fiber  exhibits  the  same  high  activity  (k°=0.13  cm/s).  The  cleanness  of  the  surface 
could  be  the  most  important  factor  which  affects  the  activity  in  this  case. 
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Redox  Reaction  of  Uric  Acid 

The  oxidation  of  uric  acid  is  a  2  e'  and  2  H"^  reaction.  The  oxidation  product,  a 
diimmine,  is  an  unstable  intermediate  with  a  half-life  of  less  than  22  ms."  A  follow  up 
hydration  reaction  converts  the  diimmine  to  an  imine-alcohol.  Figure  3.5  shows  the  redox 
reactions  and  follow  up  reactions  of  uric  acid  in  aqueous  solutions.  Using  fast  scan  cyclic 
voltammetry,  follow  up  reaction  can  be  out  run  and  the  cathodic  peak  and  potential  will  not 
be  affected  by  the  follow  up  reaction. 

Semiintegral  analysis  ( Figure  3.2)  shows  that  uric  acid  is  adsorbed  on  a  freshly  cut 
carbon  fiber  electrode.  In  this  case  Nicholson's  method  cannot  be  applied  to  calculate  the 
standard  reaction  rate  since  the  reaction  involves  both  diffusing  and  adsorbed  species.  It  is 
difficult  to  extract  kinetic  data  fi^om  the  voltammogram  which  is  comprised  of  diffusion  and 
adsorption  components.  However,  at  sufficiently  high  scan  rates,  the  faradaic  current  comes 
primarily  fi-om  adsorbed  uric  acid  since  diffusion  peak  current  and  adsorption  peak  current 
are  proportional  to  square  root  of  scan  rate  and  scan  rate  respectively  (equations  2.7-2.10). 

The  predominance  of  adsorption  current  of  uric  acid  at  high  scan  rates  can  be 
confirmed  by  the  following  calculation.  Diffusion  peak  current  of  a  totally  irreversible 
system  is  given  by  euqation  2.8  in  Chapter  2.  Diffusion  peak  current  of  uric  acid  was 
calculated  using  the  following  values:  n=2,  an3=  0.5,  A=3.8xlO"^cm^  for  a  7  /^m  diameter 
disk  electrode,  C*=lmM=lxlO-*mole/cm\  D=5xlO-*  cmVs  and  v=400  V/s.  The  calculated 
ip=7.2xlO"'A  is  far  below  the  experimental  value  (ip=  2.8x10'^  A,  Figure  3.2).  The  large 


Figure  3.5.  Redox  and  follow-up  reactions  of  uric  acid  in  aqueous  solutions. 
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experimental  peak  current  is  due  to  adsorption.  Contribution  from  diffusing  species  to  this 
peak  current  as  calculated  from  equation  2.8  is  less  than  3%.  The  calculations  support  the 
statement  that  in  this  case  adsorption  predominates  at  high  scan  rates. 

Under  these  conditions,  peak  potential  difference  (AEp)  is  mainly  determined  by 
adsorbed  species  and  an  equation  (equation  2.15)  describing  adsorbed  system  can  be  used 
to  acquire  the  standard  reaction  rate  for  adsorbed  uric  acid. 

Based  on  equation  2. 1 5  and  using  a=0.5  in  the  calculation,  the  standard  rate  constants 
of  adsorbed  uric  acid  were  determined  with  values  ranging  from  12  to  80  s".  The  average 
value  of  the  standard  reaction  rate  constant  is  54  s'.  The  poor  reproducibility  of  the  standard 
rate  constant  may  reflect  greater  sensitivity  of  this  system  to  the  structure  condition  of  the 
surface  which  could  change  when  the  electrode  is  cut.  The  reaction  may  be  sensitive  to 
changes  in  the  ratio  of  edge  to  basal  planes,  since  edge  and  basal  planes  exhibit  different 
adsorption  strength  and  activities.  The  small  change  in  the  ratio  could  cause  large  changes 
in  the  AEp.  The  peak  currents  are  also  not  reproducible  and  show  no  dependence  on  AEp. 

Since  2H*  and  2e'  are  involved  in  the  redox  reaction  of  uric  acid,  the  mechanism 
involves  several  steps  (i.e.  intermediates  with  various  number  of  e'  and  H*).  It  may  be 
possible  to  observe  split  peaks  from  different  intermediates  at  high  scan  rates.  However,  we 
only  observed  a  single  peak  current  even  though  the  scan  rate  was  as  high  as  5,000  V/s.  The 
lack  of  split  peaks  on  the  experimental  time  scale  could  result  from  more  negative  formal 
potential  of  the  second  electron  transfer  than  of  the  first  and  the  rapid  kinetics  of  H*  transfer. 
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Conclusions 

The  task  of  acquiring  kinetic  information  on  carbon  fiber  electrodes  by  fast  scan 
voltammetry  has  been  accomplished  and  is  reported  in  the  work.  The  results  show  that,  with 
on-line  iR  compensation  and  background  subtraction,  determination  of  standard  reaction  rate 
constants  at  scan  rates  of  11000  V/s  is  possible  in  aqueous  solutions  even  though  the 
background  current  is  large.  A  freshly  cut  carbon  fiber  electrode  exhibits  very  high  activity 
in  the  redox  reactions  of  RuCNHjV^*'^"^*  and  Fe(CN)6'^''''*-  The  high  activity  of  the  cut  carbon 
fiber  could  be  due  to  the  high  density  of  the  edge  plane  on  the  electrode  surface  and  the 
procedure  of  preparing  the  electrodes.  Electrode  activity  decreases  after  electrochemical 
pretreatment  or  after  continuing  cycling  to  high  positive  potentials  which  likely  indicates  that 
surface  oxides  block  activity  of  the  electrode. 

Redox  reactions  which  involve  weak  adsorption  and  diffusion  are  usually  difficult 
to  characterize  since  the  peak  potentials  are  affected  by  both  adsorption  and  diffusion. 
However,  using  fast  scan  cyclic  voltammetry,  the  effect  of  diffusion  current  on  peak  potential 
can  be  minimized.  Hence,  the  redox  reaction  of  weakly  adsorbed  species  can  be 
characterized.  As  shown  above,  at  sufficiently  high  scan  rates,  the  redox  reaction  rate 
constants  of  adsorbed  species  can  be  obtained.  Thus,  extracting  kinetic  information  for 
weakly  adsorbed  species  cab  be  esaily  achieved. 

The  relationship  between  adsorption  peak  current  and  surface  properties  could  be 
usefiil  for  quantitative  purpose.  Fast  scan  cyclic  voltammetry  can  be  used  as  an  analytical 
tool  in  trace  detection  of  biocompounds.  To  increase  sensitivity,  carbon  electrode  are  usually 
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electrochemically  pretreated.  However,  our  results  show  that  pretreatment  could  reduce 

adsorption  strength  and,  therefore,  the  sensitivity.  Hence  for  some  compounds,  a  freshly  cut 

carbon  fiber  electrode  may  gain  more  analytical  advantage  in  fast  measurements. 


CHAPTER  4 

ELECTROCHEMICAL  PREPARATION  OF  ULTRATHIN  OVEROXIDIZED 

POLYPYRROLE  FILMS  AND  THEIR  ANALYTICAL  APPLICATIONS 


Background 

Our  previous  investigations  showed  that  overoxidized  polypyrrole  (OPPy)  films  can 
be  made  quite  permeable,  and  have  ionic  conductivity,  although  the  electrical  conductivity 
of  polypyrrole  (PPy)  is  lost  after  overoxidation.^'-^^'^  Figure  4.1  shows  the  structures  of  Py, 
PPy  and  OPPy.  The  high  electron  density  of  the  carbonyl  groups  can  act  as  a  barrier 
hindering  diffusion  of  anions  through  the  OPPy  film  (Figure  4.2). 

In  an  attempt  to  decrease  thickness  of  the  OPPy  film  so  a  better  response  can  be 
obtained,  we  found  that  as  the  thickness  of  the  fihn  was  decreased,  the  pin  holes  and  defects 
in  the  film  made  anion  diffusion  though  the  film  possible,  and  the  film  lost  its  ability  to 
impede  anion  diffusion.  To  solve  this  problem,  a  new  strategy  for  preparing  ultrathin  films 
was  designed.  A  procedure  of  repeatedly  polymerizing  pyrrole  (Py)  and  overoxidizing  it  to 
OPPy  was  used  to  obtain  a  compact  and  relatively  pin  hole  fi^ee  ultrathin  film. 

A  monolayer  PPy  film  is  first  polymerized  on  an  electrode,  then  overoxidized  in 
phosphate  buffer.  The  electrode  is  then  transferred  back  to  PY  solution  for  a  second 
polymerization  step.  Since  the  first  layer  loses  its  conductivity  after  overoxidation,  the 
second  layer  can  only  grow  on  the  bare  substrate.  Therefore,  the  pin  holes  become  partially 
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Figure  4. 1 .  Chemical  structures  of  Py  ,  PPy,  and  OPPy. 
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Figure  4.2.  A  cartoon  representation  of  the  proposed  carbonyl  group  in  OPPy  films  hindering 
anion  difflision. 
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filled.  By  repeating  the  above  procedure,  an  OPPy  ultrathin  film  which  still  has  excellent 
ability  to  impede  anion  diffusion  can  be  coated  on  carbon  electrodes. 

Another  approach  to  obtain  an  ultrathin  film  was  tested  in  which  a  monolayer  of  P Y 
is  adsorbed  on  an  electrode  and  then  polymerized  and  overoxidized.  In  this  procedure, 
platinum  electrodes  were  used  due  to  the  effective  adsorption  of  PY  on  platinum."^ 
Monolayer  OPPy  fikns  that  show  good  permselectivity  towards  cations  were  made  using  this 
approach.  The  methods  of  coating  ultrathin  OPPy  films  on  different  substrates  and  the 
permselectivity  analysis  of  these  films  are  presented  in  this  chapter. 

Ultramicroelectrodes  have  been  widely  used  for  in  vivo  experiments  due  to  their 
small  size.  A  common  application  is  to  use  ultramicroelectrodes  to  monitor  the 
concentrations  of  neurotransmitters  in  the  central  nervous  systems  (e.g.,  the  detection  of 
dopamine  (DA)  in  vivo)."''"  However,  voltammetric  responses  of  the  neurotransmitters 
usually  suffer  fi-om  the  interference  of  ascorbic  acid  (AA)  which  usually  coexists  in  vivo  at 

high  concentrations. "■'  Microelectrodes  coated  with  Nafion  are  usually  used  to  solve  this 

i 

problem  since  Nafion  can  repel  AA  (an  anion  in  vivo).  Here  we  describe  the  use  of 
microelectrodes  coated  with  OPPy  ultrathin  films  to  improve  selectivity  of  the  electrodes. 
The  interference  by  anions  is  lessened  with  electrodes  coated  with  ultrathin  OPPy  film. 
Practical  use  of  OPPy  ultrathin  films  for  detection  of  catechols  in  the  presence  of  ascorbic 
acid  is  demonstrated. 

A  derivative  of  Py,  pyrrole-2-carboxylic  acid  (Py-2-COOH),  was  also  investigated 
for  its  ability  to  form  cation  permselective  films.  The  Py-2-COOH  can  be  polymerized  at  1 .7 
V  vs.  Ag  wire  in  acetonitrile  (MeCN).  This  polymer  layer  also  shows  cation  permselectivity 
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at  pH  7  due  in  part  to  the  negative  charge  of  the  deprotonated  carboxylic  group  (pKa  = 
4.453)."'  The  cation  permselectivity  of  poIypyrrole-2-carboxylic  acid  (PPy-2-COOH)  is 
discussed  and  compared  to  that  of  OPPy  films. 

Procedure  of  Ultrathin  OPPy  Film  Formation  by  Polymerization  and  Overoxidation 

Carbon  electrodes  were  modified  by  electropolymerizing  PY  at  +0.950  V  vs.  Ag 
wire.  The  solution  used  for  polymerization  was  20  mM  PY  and  0. 1  M  TBAP  in  MeCN.  A 
small  amount  (1.5x10'"'  mole/cm^  a  typical  monolayer  coverage)"*  of  PY  was  polymerized 
by  holding  the  potenfial  at  +0.950  V  for  a  short  time  (  about  40  ms  for  GC  and  10  ms  for 
carbon  fiber  ultramicroelectrode).  The  charge  passed  at  the  GC  electrode  at  each  coating  was 
controlled  at  ca.  3.5x10'^  C/cm^  (corresponds  to  1.5x10"'"  mole/cm^  surface  coverage)  which 
is  about  a  monolayer  coverage.  Due  to  the  edge  effect,  the  current  density  is  higher  at  an 
ultramicroelectrode  than  at  a  macroelectrode. 

The  time  required  to  polymerize  a  PY  monolayer  on  an  ultramicroelectrode  is  very 
short  and  it  is  more  difficult  to  control  the  surface  coverage  by  controlling  the  time  of 
polymerization.  Therefore,  a  higher  surface  coverage  (3xlO"'°  mole/cm^)  was  used  at 
ultramicroelectrodes  for  each  coating,  which  allows  longer  times  for  polymerization  of  Py. 

The  PPy  modified  electrode  was  rinsed  with  deionized  water  and  then  transferred  to 
0.5  M  pH  7.0  phosphate  buffer  solution  and  overoxidized  at  +0.950  V  vs.  SCE.  During 
overoxidation,  the  current  was  monitored.  Initially,  a  large  current  was  passed,  but  this 
rapidly  decreased  as  the  oxidation  progressed.  The  current  eventually  leveled  off  and  began 
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to  fluctuate  slightly  around  one  value.  This  was  taken  to  indicate  complete  overoxidation. 
This  process  usually  took  about  two  minutes.  The  electrode  was  left  to  dry  and  then  put  back 
to  Py/MeCN  solvent  for  another  coating  of  PPy  film.  The  procedure  was  repeated  several 
times  until  the  cyclic  voltammogram  (CV)  of  Fe(CNy  ^"'''■'  was  completely  suppressed.  For 
the  GC  electrode,  six  times  of  repeated  coating  with  QxlO'""  mole/cm^  total  surface  coverage 
is  sufficient.  For  carbon  fiber  ultramicroelectrodes,  four  times  of  repeated  coating  with 
1.2x10''  mole/cm^  of  total  surface  coverage  are  satisfactory. 

Procedure  for  Coating  Ultrathin  OPPy  Films  on  Ft 

Pt  ultramicroelectrodes  (5  |am  in  diameter)  were  used  as  working  electrodes.  The  Pt 
electrodes  were  put  in  20  mM  Py/  MeCN  solvent  for  5  minutes  to  allow  Py  adsorption  on 
the  surface.  Then  the  electrodes  were  taken  out  and  rinsed  with  deionized  water.  The 
electrode  with  adsorbed  Py  was  placed  in  phosphate  buffer  to  be  polymerized  and 
overoxidized  at  +0.950  V  vs.  SCE.  During  the  process,  current  was  monitored  until  it  leveled 
off  and  fluctuated  only  slightly.  This  indicated  that  the  polymerization  and  overoxidation 
were  completed. 

Preparation  of  Ultrathin  OPPy  Films 

It  has  been  found  that  the  major  route  of  forming  conducting  polymers  (such  as  PPy) 
is  through  "continual  electroprecipitation"."^  The  monomers  form  oligomeric  chains  in 
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solution,  then  precipitate  on  the  bare  substrate.  Further  growth  of  the  polymer  occurs  not 
only  by  addition  of  monomers  to  the  polymer  chain  end,  but  largely  by  the  precipitation  of 
other  oligomeric  moieties  on  top  of  the  nuclei  already  formed.  Precipitation  on  top  of  the 
polymeric  nuclei,  rather  than  on  the  bare  substrate,  has  been  found  to  be  favored.'" 
Therefore,  a  very  thin  film  will  have  a  lot  of  pin  holes  and  defects  since  the  growth  of  the 
film  is  favored  on  top  of  the  polymer  instead  on  the  bare  substrate. 

A  repeated  coating  and  overoxidation  procedure  was  used  to  fill  the  pin  holes  and 
defects  in  the  thin  PPy  film  while  the  thickness  of  the  film  was  maintained.  Fig.  4.3  is  a 
conceptual  drawing  of  how  the  pin  holes  and  defects  are  filled  by  repeated  polymerization 
and  overoxidation  of  PPy.  An  ultrathin  film  of  PPy  (ca.  1 .5x10-'°  mole/cm^  surface  coverage) 
is  first  coated  on  a  GC  electrode  following  a  potenfial  step  fi-om  +0.500  to  +0.950  V  in  20 
mM  Py/MeCN  solution.  This  first  thin  layer  of  PPy  is  overoxidized  by  holding  the  potential 
at  +0.950  V  in  phosphate  buffer  (pH  7.0)  until  the  current  is  less  than  1  ^A,  and  becomes 
stable,  which  insures  that  the  overoxidation  is  complete.  This  step  causes  loss  of  conductivity 
of  the  film.""  When  the  electrode  is  transferred  back  to  Py/MeCN  solvent  for  the  second 
coating  of  PPy  film,  the  second  coating  does  not  grow  on  top  of  the  first  layer.  Since  the  first 
layer  of  OPPy  has  no  electronic  conductivity  and  the  pin  holes  insure  exposure  of  the 
electroactive  surface,  the  most  likely  place  the  second  coating  can  form  is  on  the  bare 
substrate,  and  in  the  process  the  pin  holes  and  defects  in  the  first  layer  become  partially 
filled.  By  repeating  this  procedure  several  times,  the  pin  holes  and  defects  are  eventually 
filled.  A  thin  but  virtually  pin  hole  fi-ee  OPPy  fihn  can  be  made  using  this  approach.  The 
procedure  can  be  used  to  form  ultrathin  fihns  on  macro  and  ultramicro  graphite  electrodes. 


Figure  4.3.  A  cartoon  representation  of  pin  holes  gradually  filled  with  OPPy  by  a  repeated 
coating  procedure. 
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Cation  Permselectivity  of  Ultrathin  OPPy  at  GC  Electrodes 

An  ultrathin  film  can  be  coated  on  GC  by  polymerizing  a  small  amount  of  Py  (ca. 
1.5 xlO'"  mo!e/cm^  a  typical  monolayer  surface  coverage)  in  20  mM  Py/MeCN  solvent. 
However,  as  was  already  discussed,  this  film  has  a  limited  permselectivity  due  to  the  pin 
holes  and  defects  in  the  film;  therefore,  a  procedure  was  developed  in  which  the  electrode 
was  repeatedly  treated  by  a  polymerization/overoxidation  to  fill  the  pin  holes.  After  repeated 
treatment,  the  response  of  the  anionic  FeCCNV^"'*"*  redox  couple  is  totally  suppressed  while 
the  response  of  the  cationic  Ru(NH3)6^^'"^^'  redox  couple  decreased  slightly. 

Fig.  4.4A  shows  the  responses  of  the  anion  before  and  after  repeated  coating.  The 
response  of  Fe(CN)6*^''*'^  anion  gradually  decreases  until  it  ahnost  disappears  after  six  coating 
(curve  7).  Compared  to  the  bare  electrode,  the  response  decreases  95%  after  coating  six 
times.  The  total  surface  coverage  of  OPPy  coated  on  the  electrode  is  9x10"'°  mole/cm^,  which 
corresponds  to  a  multilayer  coverage  (3-6  layers)  since  typical  monolayer  coverage  is 
between  1.5x10-'°  to  3x10"'°  mole/cm^" 

The  thickness  of  this  film  was  roughly  estimated  at  about  16  A  (assuming  4  layers 
and  each  layer  has  4  A  thickness).  The  value  of  the  thickness  for  each  layer  is  based  on  the 
size  of  Py  (ca.  4  A ).  The  bond  lengths  on  Py  are  1 .34, 1 .48, 1 .07 ,  and  1 .01  A  for  C=C,  C-N, 
C-H,  and  N-H  respectively.  Considering  the  angles  between  the  bonds,  the  diameter  of  PY 
is  estunated  at  ca.  4  A.  Since  this  thickness  value  is  based  on  some  assumptions,  it  has  to  be 
viewed  as  a  rough  estimate.  Consequently,  the  other  values  obtained  in  this  paper  which  are 
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based  on  the  thickness  of  the  film  (such  as  apparent  diffusion  coefficients  and  permeability 
)  are  also  rough  estimates. 

Fig.  4.4B  shows  the  responses  of  a  cationic  redox  couple  before  and  after  coating. 
The  electrode  is  the  same  as  that  used  in  Fig.  4.4A.  The  response  of  the  RuCNHj^'^*'  cation 
decreases  only  16%  after  six  times  of  coating  (dashed  line).  The  value  of  1/P„,  (6„,/D3pp) 
obtained  by  the  method  of  Gough  and  Leypoldt  (see  Charpter  2)  for  Ru(NH3)6*^*  '**  in  this 
film  is  22.1  s/cm.  Rough  estimate  of  the  thickness  of  this  film  based  on  the  surface  coverage 
is  ca.  16  A,  therefore,  D,pp  of  Ru(NH3V^"^^'  is  7.2x10-'  cmVs.  This  apparent  diffusion 
coefficient  is  slightly  lower  than  that  measured  on  a  thick  OPPy  film  (0.1  ^m)  on  the  same 
GC  electrode  substrate  (2.8x10"  cmVs),'"  which  may  be  due  to  the  greater  compactness  of 
the  thin  film.  The  ultrathin  fihn  obtained  by  repeated  coating  and  overoxidation  has  filled  pin 
holes;  therefore,  the  thin  film  may  be  more  compact  than  the  thick  film,  although  the 
electrode  substrates  used  are  the  same  (polished  GC  electrode). 

Despite  the  fact  that  D^  for  the  thin  fihn  is  smaller  than  that  for  the  thick  film,  CVs 
of  Ru(NH3)6<^"''^'^^  obtained  at  the  thin  film  modified  electrode  show  peak  currents  that  are 
30%  higher  than  for  the  electrodes  modified  with  the  thick  fihn.  This  is  because  the  response 
of  the  electrode  is  determined  by  film  permeability  (D^6  J  and  not  only  by  D^pp  (equation 
1.20).  Since  the  6„  of  the  thin  film  is  much  smaller  than  that  of  the  thick  film,  the 
permeability  of  the  thin  fihn  is  higher.  A  thmner  film  with  higher  permeability  will  allow 
redox  species  to  approach  the  electrode  surface  readily  thus  producmg  a  higher  redox  current. 

We  observed  that  the  AEp  of  Ru(NH3)6<^*'^^>  at  an  ultrathin  film  modified  electrode 
is  smaller  than  the  AEp  at  a  thick  film  modified  electrode.  A  possible  reason  is  that  the  cell 


Figure  4.4.  Cyclic  voltammograms:  (a)  10  mM  FeCCN)^^"  in  0.5  M  phosphate  buffer  (pH  7.0) 
at  OPPy  modified  glassy  carbon  electrode.  Curve  1  is  the  response  of  the  bare  electrode. 
Curves  2-7  are  the  responses  after  first  time  (curve  2)  to  sixth  time  (curve  7)  of  repeated 
coating;  (b)  10  mM  RuCNHj)^^"  at  the  same  electrode  and  buffer  as  in  (a).  Solid  line  is  the 
response  before  coating.  Dashed  line  is  the  response  after  coating  six  times.  Scan  rate  is  20 
mV/s.  Electrode  area  is  0.067  cm'. 
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resistance  increases  when  the  film  becomes  thicker  and  larger  AEp  may  be  due  to  larger  iR 
drop  at  a  thicker  electrode. 


Pennselectivit\'  of  Ultrathin  OPPv  Films  at  Carbon  Fiber  Electrodes 


Carbon  fiber  ultramicroelectrodes  were  modified  using  the  same  procedure  as  was 
used  to  modify  large  area  GC.  Fig.  4.5A  shows  the  responses  of  FeCCN)^'- anion  before  and 
after  four  times  of  repeated  coating.  For  each  coating,  the  amount  of  deposited  PPy  is  about 
3x10-'°  mole/cm^  which  is  calculated  fi-om  the  amount  of  charge  for  each  coating  divided  by 
the  electrode  area.  The  amount  of  deposited  PPy  during  each  coating  corresponds 
approximately  to  a  monolayer  surface  coverage.  The  total  amount  of  deposited  Py  after 
coating  four  times  is  1.2x10''  mole/cm^ 

The  response  of  Fe(CN)e,^-  gradually  decreases  while  the  procedure  is  repeated  as  the 
pin  holes  in  the  film  are  being  filled.  The  sigmoidal  current  of  Fe(CN)6^-  at  the  bare  electrode 
rises  after  the  electrode  is  modified  with  OPPy  film,  which  shows  that  the  kinetics  of 
Fe(CN)6^-  slow  down  greatly.  The  same  effect  was  observed  at  large  electrodes  (Fig.  4.4A) 
where  the  AEp  increased  as  the  pin  holes  were  being  filled.  Eventually,  the  response  of  the 
Fe(CN)6^  is  totally  suppressed  presumably  due  to  the  repulsion  between  Fe(CN)6^-  and  the 
film  (Fig.  4.5A,  curve  5). 

Fig.  4.5B  shows  the  responses  of  the  Ru(NH3y^^'^*>.  The  sigmoidal  current  decreases 
30%  after  the  electrode  is  coated  four  times.  Compared  to  a  large  GC  electrode,  at  modified 
carbon  fiber  a  more  drastic  decrease  in  both  anion  and  cation  response  is  observed.  This  is 


Figure  4.5.  Cyclic  voltammograms:  (a)  10  mM  Fe(CNV-  in  0.5  M  phosphate  buffer  (pH  7.0) 
at  OPPy  modified  carbon  fiber  ultramicroelectrode.  Curve  1  is  the  response  of  the  bare 
electrode.  Curves  2-5  are  the  responses  after  first  (curve  2)  to  four  times  (curve  5)  of  repeated 
coating;  (b)  10  mM  Ru(NH3V  at  the  same  electrode  and  buffer  as  in  (a).  Solid  line  is  the 
response  before  coating.  Dashed  line  is  the  response  after  coating  four  times.  Scan  rate  is  20 
mV/s.  Electrode  diameter  is  7  \im. 
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probably  due  to  the  higher  surface  coverage  at  each  coating  and  different  surface  properties 
of  GC  and  carbon  fiber.  However,  both  types  of  electrodes  exhibit  excellent  ability  to  impede 
anion  diffusion  after  repeated  coating.  At  both  electrodes,  the  ability  to  impede  anion 
diffusion  can  be  enhanced  by  repeatedly  coating  with  a  polymer  film  at  a  small  expense  of 
a  small  decrease  in  cation  response. 

Applications  of  OPPv-Cnated  IJltramicroelectrodes 


Ultramicroelectrodes  (such  as  carbon  fiber  electrodes)  have  been  widely  used  in 
sensors  for  in  vivo  measurements.  There  is  considerable  interest  in  their  use  as  detectors  for 
microcolumn  HPCL  and  CZE  because  of  their  extremely  small  size  (less  than  10  urn)  and 
higher  signal-to-noise  ratio  (up  to  one  decade  higher)  compared  to  macroelectrodes  (see 
Chapter  1).  In  spite  of  these  merits  of  microelectrodes,  the  selectivity  of  microelectrodes  is 
not  improved  as  the  size  of  the  electrode  decreases.  The  results  obtained  here  show  that  the 
ability  to  impede  anion  diffusion  by  the  OPPy  film  can  improve  the  selectivity  of  carbon 
fiber  electrodes  without  significantly  sacrificing  the  sensitivity  of  the  electrode  towards 
cations. 

Practical  applications  of  the  new  selective  films  were  tested  with  two  biological 
compounds  -  one  is  dopamine  (DA)  which  is  a  cation  at  physiological  pH  (pK,  =  8.92)  and 
the  other  is  ascorbic  acid  (AA)  which  is  an  anion  (pK,  =  4.10).'^'^'  AA  has  a  redox  potential 
(EF  of +0.20  V  vs.  SCE)  close  to  that  of  DA  (E"'  of +0.12  V  vs.  SCE)  at  pH  7.0. '^^  In  vivo, 
the  concentration  of  AA  can  be  three  to  four  orders  of  magnitude  higher  than  the 
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concentration  of  DA.'"  To  detect  DA  in  the  presence  of  AA,  OPPy  was  used  to  modify 
carbon  fiber  electrodes  in  order  to  reduce  the  interference  of  AA. 

Figure  4.6  shows  the  responses  of  10  mM  AA  and  DA  in  pH  7  buffer  on  an  ultrathin 
OPPy  film  modified  carbon  fiber  electrode  (coated  four  times  with  total  surface  coverage  of 
ca.  1.2x10'  mole/cm^).  The  solid  line  is  the  CV  of  DA.  The  dashed  line  is  the  CV  of  AA, 
which  is  almost  totally  suppressed.  In  our  previous  investigation  of  thick  OPPy  films,  the 
ability  to  impede  anion  diffusion  was  shown  to  be  affected  by  the  hydrophobic ity  of  the 
anions.""  The  structure  of  AA  made  it  permeable  in  thick  OPPy  films  on  GC  electrodes. 
Therefore,  the  film  has  low  permselectivity  against  AA.  However,  the  response  of  AA  is 
suppressed  quite  effectively  with  the  ultrathin  film.  This  may  be  due  to  the  fact  that  the 
thinner  film  obtained  by  repeated  coating  is  more  compact  because  of  the  effective  filling  of 
pm  holes  and  defects.  A  more  compact  OPPy  film  has  higher  density  of  carbonyl  groups  and 
thus  a  higher  electron  density  to  repel  anions  and  possibly  may  also  be  less  hydrophobic. 
Since  AA  has  four  OH  functional  groups  and  a  carbonyl  group,  which  have  high  electron 
density,  these  groups  can  make  AA  less  permeable  in  a  more  compact  fihn  with  high  electron 
density. 

Permselectivity  of  Ultrathin  OPPy  Films  at  Pt  Ultramicroelectrodes 

Py  adsorption  on  Pt  electrodes  has  been  characterized.'^*  A  monolayer  of  Py  has  been 
found  to  irreversibly  adsorb  on  Pt(lll).'^''  Py  can  adsorb  on  the  Pt(lll)  surface  in  the 
horizontal  or  vertical  orientation  through  either  N  or  C=C,  respectively,  but  the  horizontal 


Figure  4.6.  Cyclic  voltammograms  of  10  mM  dopamine  (solid  line)  and  ascorbic  acid 
(dashed  line)  in  0.5  M  phosphate  buffer  (pH  7.0)  at  carbon  fiber  electrode  modified  four 
times  with  the  same  film  as  in  Figure  4.5.  Scan  rate  is  20  mV/s.  Electrode  diameter  is  7  ^m. 
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orientation  is  predominant.'-"  It  should  be  possible  to  form  a  monolayer  of  OPPy  on  a 
polycrystalline  Pt  ultramicroelectrode  since  Py  adsorbed  on  a  Pt  electrode  can  be  first 
polymerized  and  then  overoxidized  into  a  monolayer  of  OPPy  at  a  potential  of +0.950  V  (the 
polymerization  potential  for  Py  on  Pt  begins  at  ca.  +0.400  V).  Surface  coverage  of  adsorbed 
Py  may  be  obtained  by  performing  a  CV  from  0.000  to  +0.600  V  in  phosphate  buffer.  We 
tried  to  obtain  surface  coverage  of  such  monolayer  by  integrating  the  current  under  the 
oxidation  peak  of  the  CV,  but  there  is  no  observable  peak  in  the  CV  to  allow  this.  However, 
the  value  of  the  monolayer  surface  coverage  is  available  from  the  literature. '^^  Calculated 
from  the  Auger  spectra,  the  surface  coverage  of  PY  adsorbed  on  Pt(lll)  from  aqueous 
solution  has  been  reported  as  4.16x10'"'  mole/cm^. 

We  expected  this  monolayer  to  exhibit  an  ability  to  suppress  anion  response.  Figure 
4. 7 A  shows  that  the  responses  of  Fe(CN)6<^-"'->  is  decreased  about  90%  after  the  Pt 
ultramicroelectrode  is  modified  with  the  monolayer  OPPy  film,  while  the  response  of 
Ru(NH3)6<^^'^^>  is  decreased  only  about  20%  (Figure  4.7B).  Compared  to  the  results  on  GC 
and  on  carbon  fiber  electrodes,  the  ability  to  impede  anion  diffusion  (90%  of  the  anion 
response  is  suppressed)  by  the  monolayer  fihn  coated  on  Pt  is  not  as  good  as  that  of  the  fihns 
obtained  using  the  repeated  coating  procedure  at  graphite  electrodes  (anion  response  totally 
suppressed).  Py  adsorbed  on  Pt  might  not  fiilly  cover  the  surface.  Following  polymerization 
and  overoxidation,  the  polymer  may  have  some  pin  holes  and  defects.  The  permselectivity 
of  the  modified  Pt  electrode  should  improve  when  a  more  ordered  adsorbed  monolayer  is 
formed  before  polymerization  and  overoxidation. 


Figure  4.7.  Cyclic  voltammograms:  (a)  10  mM  Fe(CN)j^"  obtained  at  Pt  ultramicroelectrode 
in  0.5  M  phosphate  buffer  (pH  7.0).  Solid  line  is  the  response  at  the  bare  electrode.  Dashed 
line  is  the  response  at  an  electrode  modified  with  adsorbed/polymerized  monolayer  of  OPPy 
film;  (b)  10  mM  RuCNHj)^^*  at  the  same  electrode  and  buffer  as  in  (a).  Solid  line  is  the 
response  at  the  bare  electrode.  Dashed  line  corresponds  to  the  conditions  for  dashed  line  in 
(a).  Scan  rate  is  20  mV/s.  Electrode  diameter  is  5  ^im. 
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Stability  of  the  OPPv  Films 


The  stability  of  the  OPPy  on  GC,  carbon  fiber  and  Pt  was  tested  by  storing  the 

modified  electrodes  in  phosphate  buffer  (pH  7.0)  for  5  days.  The  responses  of  OPPy  film 

coated  electrodes  were  virtually  unchanged  after  the  electrodes  were  stored  in  phosphate 

buffer  for  5  days,  which  demonstrates  that  the  deposited  film  is  stable  in  a  quiescent  solution. 

However,  the  mechanic  stability  is  not  quite  as  good.  It  was  noticed  during  the  rotating  disk 

experiments  that  high  rotating  speeds  (higher  than  1000  rpm)  partially  damaged  the  OPPy 

film  on  GC.  However,  at  lower  speeds,  the  permselectivity  of  the  fihn  remained  intact.  The 

*,  "  *fc 

stability  of  the  monolayer  OPPy  on  Pt  was  also  tested.  Its  permselectivity  is  maintained  after 

the  electrode  is  stored  in  phosphate  buffer  for  5  days. 

Coating  Polvmer  Films  of  PPv-2-COOH  on  Pt  Electrodes 


We  also  investigated  the  ability  of  PPy-2-COOH  to  form  permselective  films.  The 
ability  to  impede  anion  diffusion  by  these  fihns  can  come  fi-om  the  deprotonated  carboxylic 
groups  (pKj  =  4.453)'^^  which  can  repel  anions  with  the  fixed  negative  charge.  Only  the 
polymerization  is  needed  to  form  a  permselective  film.  Unlike  the  formation  of  the  OPPy 
film,  the  overoxidation  of  the  film  and  the  introduction  of  the  carbonyl  groups  during  the 
overoxidation  is  not  needed  here.  It  has  been  reported  that  Py-2-COOH  can  be  polymerized 
at  +1.700  V  vs.  SSCE  in  MeCN.'"  Because  of  the  effective  adsorption  of  Py  and  the 
carboxylic  group  on  Pt,  we  expected  that  Py-2-COOH  should  adsorb  on  Pt.'^* 
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Figure  4.8A  shows  consecutive  voltammetric  cycles  in  the  50  mM  Py-2- 
COOH/MeCN  solution.  The  first  cycle  shows  a  sharp  peak  with  no  diffusional  tailing  even 
though  the  cyclic  voltammogram  was  obtained  in  50  mM  Py-2-COOH/MeCN  with  an 
ultramicroelectrode.  The  second  and  third  cycles  show  a  drastic  decrease  in  peak  currents. 
The  symmetric  and  adsorption-like  peak  on  the  first  scan  can  not  simply  come  fi-om  adsorbed 
monomers  since  the  total  charge  under  the  peak  is  enormous  for  an  adsorption  peak  (ca. 
1.2x10'*'  C  which  corresponds  to  ca.  4.5x10'  mole/cm-  surface  coverage).  In  contrast  to  Pt, 
the  cyclic  voltammograms  of  50  mM  Py-2-COOH  on  a  GC  electrode  show  diffusion 
behavior  (Fig.  4.8B).  A  reasonable  explanation  is  that  Py-2-COOH  is  adsorbed  on  Pt  and 
polymerizes  during  the  first  scan.  The  polymer  fihn  which  adheres  to  the  electrode  must  have 
a  very  low  electronic  conductivity  and  must  passivate  the  electrode  during  the  first  scan,  so 
that  the  current  rapidly  decreases  and  causes  a  symmetric  peak  instead  of  a  diffusional  peak. 
The  passivation  of  the  electrode  also  prevents  continuing  growth  of  the  film  during  the 
second  and  third  scans.  Adsorption  of  PPy-2-COOH  on  GC  may  not  be  as  strong,  so  the 
polymer  diffuses  away  instead  of  passivating  the  surface.  Therefore,  a  normal  diffusional 
tailing  appears  in  CVs  on  GC  electrodes. 

Pt  electrode  coated  with  the  polymer  shows  the  ability  to  impede  anion  diffusion  in 
phosphate  buffer  since  the  deprotonated  carboxylic  groups  can  repel  anions  with  their 
negative  charge.  Figure  4.9  shows  CVs  at  a  Pt  ultramicroelectrode  before  and  after  the 
electrode  is  modified  with  PPy-2-COOH.  The  sigmoidal  current  of  Fe(CN)6<^-"*->  decreases 
ca.  84%  but  the  current  of  RuCNHaV ^*'^*>  decreased  only  ca.  15%.  Compared  to  the  CVs 
obtained  on  Pt,  the  response  of  Fe(CN)6<^"''*''  at  the  modified  GC  electrode  is  suppressed  only 


Figure  4.8.  (a)  Cyclic  voltammograms  of  three  consecutive  scans  at  Pt  ultramicroelectrode 
in  50  mM  Py-2-COOH  and  0.1  M  TBAP  in  MeCN.  Scan  rate  is  50  mV/s.  The  reference 
electrode  is  a  Ag  wire.  Electrode  diameter  is  5  |im.  The  peak  potential  is  ca.  +1 .5  V  vs.  Ag 
wire;  (b)  Cyclic  voltammograms  of  three  consecutive  scans  at  a  glassy  carbon  electrode  in 
50  mM  Py-2-COOH  and  0.1  M  TBAP  in  MeCN.  Scan  rate  is  100  mV/s.  Electrode  area  is 
0.067  cml  The  peak  potential  is  ca.  +1 .65  V  vs.  Ag  wire. 
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Figure  4.9.  Cyclic  voltammograms:  (a)  10  mM  RuCNHjV"  and  (b)  10  mM  FeCCNV"  in  0.5 
M  phosphate  buffer  (pH  7.0)  at  a  Pt  ultramicroelectrode  before  and  after  coating  with  PPy-2- 
COOH  in  one  CV  scan.  Solid  lines  are  the  voltammograms  at  the  bare  electrodes.  Dashed 
lines  are  the  voltammograms  at  the  modified  electrodes.  Scan  rate  is  20  mV/s. 
Ultramicroelectrode  diameter  is  5  |im. 
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40%.  This  shows  that  the  abiHty  to  impede  anion  diffiasion  by  the  modified  GC  electrode  is 
not  as  good  as  that  of  Pt.  Adhesion  and  precipitation  of  the  polymer  on  GC  may  be  not  as 
good  as  on  Pt  because  of  the  lack  of  effective  adsorption  to  form  a  thin  and  compact  layer 
that  can  accelerate  polymer  precipitation. 

Surface  coverage  of  PPy-2-COOH  at  Pt  is  ca.  4.5x10'  mole/cm-  based  on  the  charge 
passed  at  the  electrode  during  polymerization.  This  surface  coverage  is  four  orders  of 
magnitude  higher  than  the  surface  coverage  (ca.  10'  mole/cm^)  of  OPPy  on  Pt  and  carbon 
electrodes.  Besides  the  high  surface  coverage,  the  anion  repulsion  strength  of  the  -COO' 
group  in  the  PPy-2-COOH  should  be  greater  than  that  of  the  -CO  group  of  the  OPPy.  Based 
on  the  much  higher  surface  coverage  and  the  expected  stronger  anion  repulsion,  we  expected 
that  the  PPy-2-COOH  should  have  much  better  permselectivity  than  the  OPPy  film. 
However,  compared  to  the  monolayer  OPPy-modified  Pt  and  ultrathin  OPPy  films  modified 
GC,  the  permselectivity  of  PPy-2-COOH  modified  Pt  is  about  the  same.  This  may  be  due  to 
the  fact  that  the  permselectivity  of  the  film  depends  not  only  on  the  repulsion  strength  and 
the  surface  coverage  by  the  fihn,  but  also  on  the  structure  (compactness)  of  the  fibn.  In  spite 
of  the  higher  surface  coverage  and  the  greater  inherent  repulsion  strength  of  the  PPy-2- 
COOH,  the  OPPy  films  must  have  a  more  compact  structure.  Thus  OPPy  should  work  more 
effectively  in  impeding  anion  diffusion. 

Conclusions 
Different  methods  of  modifying  electrodes  with  ultrathin  permselective  films  are 
presented  in  this  chapter.  This  work  demonstrates  that  a  monolayer  or  multilayer  ultrathin 
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film  can  effectively  suppress  the  responses  of  anions  as  long  as  the  films  are  compact  and 
relatively  pin  hole  free.  As  the  above  results  show,  compact  ultrathin  films  can  be  obtained 
by  taking  advantage  of  repeated  polymerization,  or  adsorption  and  polymerization,  of  a 
monolayer  on  electrodes. 

Self-assembled  alkanethiol  monolayers  formed  on  well-defined  gold  electrode 
substrates  have  been  found  to  show  cation  permselectivity  at  pH  higher  than  7.0  due  to  the 
electrostatic  effect  of  the  carboxyl  group  of  the  monolayer  preventing  close  anion  access  to 
the  gold  surface. '^'•'^''•'^'  The  previous  results  as  well  as  the  results  presented  here  indicate 
that  permselectivity  of  a  film  should  occur  regardless  of  the  thickness  of  the  film.  The  reason 
for  using  well  defined  electrodes  is  to  form  a  uniform  and  pin  hole  fi-ee  monolayer.  Present 
results  show  that  ultrathin  films  coated  on  not  so  well-defined  substrates  (such  as  GC,  carbon 
fiber  and  Pt  wire)  can  also  be  permselective  as  long  as  the  films  are  relatively  pin  hole  fi:ee. 

Preparation  of  ultramicroelectrodes  modified  with  ultrathin  permselective  films  is 
also  demonstrated  in  this  chapter.  The  permselectivity  of  the  OPPy  thin  films  suggests  that 
ultramicroelectrodes  coated  with  such  films  may  be  useful  for  in  vivo  measurements  to 
lessen  the  interference  of  biological  anions.  Hydrophobic  substrates  have  been  used  to 
control  or  promote  the  growth  of  conducting  polymers.  This  ultrathin  OPPy  film  may  be 
used  to  precoat  electrodes  to  promote  or  control  the  growth  of  conducting  polymers  since  the 
ultrathin  OPPy  film  is  sufficiently  hydrophobic  to  permit  monomers  to  accumulate  in  the 
film  and  be  polymerized. 


.-  ( 


CHAPTER  5 
NEW  STRATEGIES  FOR  IMPROVING  SENSITIVITY  AND  SELECTIVITY  WITH 

FAST  SCAN  VOLTAMMETRY 


Background 

Small  dimensions  of  UMEs  permit  in- vivo  detection  with  high  spatial  resolution  and 
minimal  tissue  damage.  Because  of  these  properties  small  dimensions  of  UMEs  have  been 
exploited  by  electrochemists  and  neuroscientists.  In- vivo  detection  of  neurotransmitters  with 
UMEs  has  been  extensively  studied  since  1980.'^^ 

One  of  the  most  important  neurotransmitters,  dopamine  (DA),  has  been  under 
intensive  investigation  by  electrochemist  and  neuroscientists  due  to  its  important  role  in 
neurology  and  its  ease  of  electrochemical  detection  due  to  its  low  oxidation  potential  (E1/2 
~  0.12  V  at  graphite  electrodes).'"  Despite  of  the  successful  detection  of  dopamine  in 
aqueous  buffers,  detection  of  dopamine  in-vivo  remains  challenging.  The  major  problem  has 
come  from  the  interference  by  ascorbic  acid  (AA).  AA  has  similar  oxidation  potential  (E1/2 
~  0.2V  at  graphite  electrodes)  to  DA  but  its  concentration  is  10^  to  lO-'  times  higher  than  that 
of  DA  in  extracellular  fluid  of  the  brain  where  the  in-vivo  measurements  of  DA  are  done. 
Thus,  attempts  at  selective  detection  of  DA  in  the  presence  of  AA  have  become  a  major 
challenge  in  in-vivo  detection. 

In  the  1980's,  Adams  group  introduced  coating  Nafion  (a  cation  selective  polymer) 
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on  the  electrode  surface  to  increase  the  selectivity  of  DA  detection  in  the  presence  of 
^^134.135  ^^  physiological  pH  of  7.4  DA  is  protonated  and  is  present  as  a  cation  while  AA 
is  an  anion  at  pH  7.4.  Anion  difflision  dramatically  decreases  at  electrodes  coated  with  anion 
excluding  Nafion  films.  Thus,  the  selectivity  of  DA  over  AA  can  be  enhanced  on  Nafion 
coated  electrodes  because  of  the  permselectivity  of  Nafion  to  anions. 

However,  the  enhancement  in  selectivity  provided  by  Nafion  is  not  sufficient  to  allow 
DA  detection  in  the  presence  of  high  concentrations  of  AA.  An  additional  improvement  in 
selectivity  is  needed  for  successful  analysis.  One  possible  approach  to  further  enhance  the 
selectivity  is  to  use  fast  scan  voltammetry  at  scan  rates  of  1 00  to  300  V/s.  This  approach  has 
originally  been  developed  in  Millar's  group  and  has  later  been  improved  by  Wightman's 
group. '^*'"  One  of  the  advantages  of  fast  scan  cyclic  voltammetry  is  that  the  analyte  and  the 
interferant  may  be  resolved  by  exploiting  the  differences  between  electrochemical  kinetics 
of  the  analyte  and  the  interferant.'^*  At  Nafion  coated  electrodes,  the  electrochemical 
kinetics  of  AA  are  very  sluggish.  Fast  scan  voltammetry  enhances  the  effect  of  kinetic 
differences  between  DA  and  AA  measurements,  where  the  oxidation  peak  potential  of  AA 
shifts  away  from  the  oxidation  peak  potential  of  DA  as  the  scan  rate  increases.  Thus,  the 
selectivity  of  DA  over  AA  can  be  improved  further. 

Another  advantage  of  fast  scan  voltammetry  is  that  it  can  contribute  to  the  stability 
of  the  working  electrodes.  Many  redox  reactions  of  biological  species  (such  as  DA,  uric  acid 
and  NADH)  are  followed  by  chemical  reactions  which  produce  side  products.  Those 
products  can  adsorb  on  the  electrode  surface  leading  to  a  gradual  loss  of  electrode  activity. 
Consequently,  electrode  activity  can  decrease  significantly  after  several  scans.  This  problem 
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can  be  partially  resolved  by  adding  surfactants  to  solution  to  act  as  molecular  spacers  at  the 
surface  to  prevent  surface  fouling  but  in  in-vivo  detection,  addition  of  surfactants  is  not 
practical.'^'  However,  because  of  the  short  time  span  of  fast  scan  voltammetry,  before  the 
products  can  undergo  chemical  reactions  in  solutions,  they  can  be  converted  back  to  the 
original  analyte.  Consequently,  surface  fouling  caused  by  the  products  of  the  follow-up 
reactions  can  be  prevented. 

Another  advantage  of  fast  scan  voltammetry  compared  to  other  fast  techniques  (such 
as  chronoamperometry)  is  that  fast  scan  voltammetry  can  provide  qualitative  information 
about  the  analyte  which  may  used  to  confirm  the  identity  of  the  analyte  of  interest  in 
complex  samples.  Since  different  redox  reactions  occur  at  unique  redox  potentials  and  have 
unique  waveforms,  identification  of  potentials  and  waveforms  can  add  more  confidence  that 
the  analyte  of  interest  is  being  detected  in  a  complicated  environment.  In  addition,  at  high 
scan  rates,  thickness  of  the  diffusion  layer  of  analytes  such  as  DA  will  be  greatly  reduced, 
therefore,  the  chance  of  the  diffusion  been  blocked  by  ,  for  example,  the  brain  tissue  in  the 
in-vivo  experiments,  and  distortmg  the  shape  of  the  voltammogram  is  greatly  reduced.  This 
can  insure  that  qualitatively  voltammograms  of  DA  obtained  in-vivo  will  be  identical  to  the 
voltammograms  of  DA  in  buffer. 

Despite  the  improved  selectivity  of  DA  over  AA  at  Nafion  coated  electrodes  when 
combined  with  fast  measurements,  there  are  drawbacks  to  Nafion-coated  electrodes.  First, 
thickness  and  quality  of  Nafion  films  is  difficult  to  control  and  reproduce.  In  addition,  thin 
Nafion  films  cast  on  electrodes  tend  to  have  pin-holes  which  decrease  the  film 
permselectivity.  On  the  other  hand,  thick  Nafion  films  may  have  fewer  pin-holes,  but  the 
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extremely  low  diffusion  coefficients  of  DA  inside  Nafion  decrease  the  sensitivity  and 
increase  the  response  time. 

In  this  chapter,  we  demonstrate  that  further  significant  increase  of  scan  rate  to  above 
1,000  V/s  may  considerably  improve  selectivity  and  sensitivity  in  analysis.  In  our  laboratory 
we  have  investigated  the  possibility  of  using  fast  scan  voltammetry  to  improve  selectivity 
of  DA  detection  in  the  presence  of  AA  at  bare  electrodes  without  Nafion  coatings.  By 
pushing  scan  rates  to  above  1,000  V/s,  the  most  obvious  advantage  gained  is  that  the 
voltammograms  of  DA  and  AA  may  be  resolved  because  of  the  kinetic  differences  in  their 
response  without  the  need  for  permselective  film  on  the  electrode.  Some  additional 
advantages  are  also  obtained  by  increasing  the  scan  rates.  These  include  higher  temporal 
resolution,  higher  peak  currents  and  lower  detection  limits  made  possible  by  the  use  of  signal 
averaging.  These  advantages,  and  some  of  the  limitations  of  increasing  scan  rates  to  above 
1 ,000  V/s  are  discussed  in  this  chapter. 

Effects  of  Surface  Oxides  on  Sensitivity  and  Selectivity 


Surface  functional  groups  including  oxide  groups  usually  play  an  important  role  in 
electrochemical  reactions  because  of  the  heterogeneous  nature  of  electrochemical  redox 
reactions  in  which  the  siuface  of  the  electrode  has  to  participate.  In  fast  scan  voltammetry, 
the  contributions  to  background  current  result  from  charging  current  which  is  due  to  physical 
charging  of  the  electrical  double  layer  at  the  electrode  surface  and  from  faradaic  current  due 
to  the  redox  reactions  of  surface  functional  groups  such  as  surface  quinones.   Because 
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formation  of  surface  functional  groups  can  occur  during  the  experiment  and  it  can 
consequently  change  the  surface  roughness  and  the  amount  of  surface  oxygen,  background 
current  may  significantly  change  during  experiments.  It  is,  of  course,  important  to  obtain  a 
fairly  stable  background  from  run  to  run. 

A  stable  background  will  facilitate  background  subtraction  which  is  necessary  in  fast 
scan  voltammetry.  We  have  established  experimentally  that  after  30  minutes  of  repeated 
cycling  of  the  carbon  fiber  electrode  in  pH  7.4  phosphate  buffer  in  the  potential  window  of 
-0.8  to  +1.2  V,  background  current  will  become  fairly  stable  (Figure  5.1).  The  cycling 
potential  window  was  chosen  because  all  experiments  were  performed  within  this  window, 
and  the  upper  potential  of +1.2  V  is  usually  used  for  mild  electrochemical  pretreatments.''* 
Comparison  of  voltammograms  1  and  2  indicates  a  significant  change  in  the  voltammograms 
following  initial  30  minutes  of  cycling.  A  small  peak  grows  at  ca.  0.2  V  as  a  resuh  of 
cycling  while  the  charging  current  in  the  entire  potential  window  increases.  This  indicates 
that  changes  in  the  structure  of  the  surface  are  occurring  and  supports  formation  of  surface 
redox  active  fimctional  groups.  The  surface  wave  at  ca.  0.2  V  may  be  due  to  a  redox  reaction 
of  surface  quinones  because  of  the  coincidence  in  the  redox  potential.''"''''" 

After  additional  30  minutes  (total  of  one  hour)  of  cycling  in  the  same  potential 
window,  changes  in  the  surface  wave  at  0.2  V  and  in  charging  current  throughout  the 
potential  window  are  minimal.  This  was  taken  as  an  indication  that  a  stable  background  has 
been  reached.  Surface  coverage  of  the  surface  redox  groups  was  estimated  by  integrating 
the  current  due  to  the  surface  wave  at  0.2  V  after  30  minutes  of  cycling  by  dividing  the 
moles  of  the  reactant  producing  this  charge  by  the  electrode  surface  area.    The  surface 


Figure  5.1.  Background  currents  after  repetition  of  fast  cycle  scans.  Cyclic  voltammogram 
obtained:  (line  1)  with  a  freshly  polished  carbon  fiber  electrode  (7  yim  diameter);  (line  2) 
after  30  minutes  of  repeated  cycling,  at  a  scan  rate  of  100  V/s,  in  the  potential  window  of 
-0.8  to  +1 .2  V  vs  SCE;  ( line  3)  after  one  hour  of  cycling;  (line  4)  after  one  and  a  half  hour 
of  cycling. 


154 


-1.0 


155 
coverage  due  to  this  particular  surface  wave  ranges  from  7.2x10'°  to  8.8x10"'°  mole/cm^ 
which  indicates  a  ca.  monolayer  coverage  by  the  redox  active  functional  groups. 

Besides  affecting  the  background  current,  surface  functional  groups  can  play  an 
important  role  in  redox  reactivity  of  analytes.  For  example,  surface  oxides  have  been  found 
to  improve  the  electrochemical  kinetics  of  proton  coupled  redox  reactions.''*  A  most  likely 
mechanism  which  can  explain  the  observed  improvement  in  electrochemical  kinetics  is  one 
in  which  the  surface  functional  groups  (such  as  surface  quinones)  facilitate  proton  transfer 
during  the  redox  reactions.  Because  the  electrochemical  oxidation  of  DA  involves  two 
electrons  and  two  protons,  this  reaction  may  be  assisted  by  the  presence  of  surface  functional 
groups.''*  Another  benefit  to  the  redox  reaction  of  DA  fi-om  surface  fiinctional  groups  may 
come  from  the  fact  that  DA  which  is  a  cation  at  physiological  pH  will  tend  to  adsorb  and , 
therefore,  be  preconcentrated  at  the  electrode  surface  due  to  the  interactions  with  the 
negatively  charged  surface  functional  groups. '''^•"'^•''"  Adsorption  of  DA  may  not  be  apparent 
at  low  scan  rates.  However,  at  higher  scan  rates  (>  lOOV/s),  adsorption  can  start  to  dominate 
the  electrochemical  response  because  the  adsorption  peak  current  is  proportional  to  scan 
rate.'^5 

Cyclic  voltammetric  peak  current  is  directly  proportional  to  scan  rate  for  an  adsorbed 
species  and  is  proportional  to  the  square  root  of  scan  rate  for  a  diffusing  species  as  shown 
by  equations  2.9  and  2.8,  respectively. 

For  weakly  adsorbed  species  such  as  DA  where  adsorption  is  not  apparent  at  low  scan 
rates,  diffusional  current  dominates  the  electrochemical  response  at  low  scan  rates.'^ 
However,  because  of  adsorption,  the  adsorption  current  will  become  more  important  as  the 
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scan  rate  increases  since  the  adsorption  current  increases  faster  with  the  increase  in  scan  rate 
than  does  the  diffusional  current  (equation  2.9  vs  equation  2.8).  At  sufficiently  high  scan 
rates,  adsorption  current  will  dominate  the  electrochemical  response  as  has  been  illustrated. 
The  peak  current  for  analytes  such  as  DA  will  be  roughly  proportional  to  scan  rate  at  high 
scan  rates  when  the  adsorption  current  becomes  dominating.  Thus,  the  detection  limit  can 
be  improved  by  simply  increasing  the  scan  rate. 

The  effect  of  adsorption  of  DA  on  peak  current  as  a  function  of  scan  rate  was  verified 
by  plotting  the  logarithm  of  peak  current  vs  the  logarithm  of  scan  rate.  For  purely  adsorption 
controlled  process  (equation  2.8),  the  peak  current  should  increase  proportionally  with  scan 
rate  and  the  slope  of  the  plot  should  be  1 .  For  purely  diffusion  controlled  process  (equation 
2.9),  the  peak  current  will  increase  proportionally  with  square  root  of  scan  rate  and  the  slope 
of  the  plot  should  be  0.5.  For  a  weakly  adsorbed  species  (such  as  DA),  adsorption  and 
diffusion  will  contribute  to  the  measured  current.  Thus,  the  slope  of  the  plot  should  be 
between  0.5  and  1  and  should  increases  as  the  scan  rate  increases. 

The  slope  of  the  plot  calculated  from  the  experimental  data  at  the  electrodes  which 
were  treated  by  30  minute  cycling  in  the  potential  window  of -0.8  to  +1 .25  V  is  equal  to  0.65 
in  the  scan  rate  range  from  50  to  10,000  V/s.  This  slope  value  indicates  that  adsorption 
significantly  influences  the  measured  current  at  high  scan  rates.  When  the  slopes  of  the  plots 
for  the  scan  rate  ranges  of  50  to  500  V/s  and  1000  to  10,000  V/s  were  calculated  separately, 
the  respective  values  were  0.59  and  0.70  (Figure  5.2).  The  significant  increase  in  the  value 
of  the  slope  in  the  higher  scan  rate  range  fiirther  confums  that  adsorption  current  starts  to 
dominate  the  response  at  the  higher  scan  rates.   Based  on  the  slope  value  of  0.65,  peak 


Figure  5.2.  Plots  of  log  of  0.1  mM  DA  peak  current,  log  ip  vs  log  scan  rate.  Scan  range  is 
from  50  to  10,000  V/s.  Working  electrode  is  a  carbon  fiber  electrode  (7  ^m  diameter)  and 
buffer  solution  is  70  mM  pH  7.4  phosphate  buffer. 


158 


2.4 


2.2 


2.0- 


1.8 


1.6 
o 

S    1.4H 

a 

o 

^    1.2H 


1.0- 


0.8- 


0.6 


Slope  =  0.70 


Slope  =  0.59 


1.5  2.0  2.5  3.0  3.5 

log(scan  rate) 


4.0 


159 
current  at  a  scan  rate  of  10,000  V/s  can  be  expected  to  be  20  times  greater  than  the  peak 
current  at  a  scan  rate  of  100  V/s  where  the  slope  value  is  0.59.  Such  increase  in  peak  current 
can  significantly  contribute  to  improved  detection  limits. 

On  the  other  end,  surface  functional  groups  can  also  have  a  negative  effect  on  the 
redox  reactions.  For  example,  they  can  deter  redox  reactions  because  of  electrostatic  effects 
on  negatively  charged  analytes  such  as  AA.  The  surface  fimctional  groups  which  can  include 
phenols  and  carboxylic  acid  groups  (Figure  1.10)  which  can  contribute  to  the  negative  charge 
of  the  electrode  surface  thus  decreasing  the  ability  of  the  anion  (such  as  ascorbate  anion 
present  at  physiological  pH)  to  approach  the  electrode  surface.  Consequently,  the  kinetics 
of  AA  can  be  slowed  down  further  by  the  surface.  Thus  DA  and  AA  will  have  a  very 
different  response  due  to  the  kinetic  differences  which  will  be  most  apparent  at  high  scan 
rates. 

Detection  of  DA  Without  the  Interference  of  AA 


Figures  5.3 A  and  B  show  cyclic  voltammograms  of  10"*  M  DA  and  lO"'^  M  AA  at 

scan  rates  of  100  and  10,000  V/s.  At  a  scan  rate  of  100  V/s,  the  peak  current  for  AA  is  much 

I 
greater  than  that  for  DA  because  of  the  higher  concentration  of  AA  than  of  DA.    As  shown 

in  Figure  5.3B,  when  the  scan  rate  is  increased  to  10,000  V/s,  the  current  due  to  AA  is 

significantly  suppressed  relative  to  the  current  of  DA  and  no  redox  peaks  from  AA  is 

observed.  In  contrast  to  the  behavior  of  AA,  DA  exhibits  a  well  defined  peak  at  this  scan 

rate  and  its  peak  current  is  enhanced  up  to  30  times  compared  to  the  peak  current  at  a  scan 

rate  of  100  V/s. 


Figure  5.3b.  Cyclic  voltammograms  of  lO"^  M  DA  (solid  line)  and  lO'^  M  AA  (dashed  line) 
at  a  scan  rate  of  10,000  V/s.  Same  electrode  and  solution  conditions  as  in  Figure  5. 3 A. 
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Figure  5.3b.  Cyclic  voltammograms  of  10"^  M  DA  (solid  line)  and  10"-  M  AA  (dashed  line) 
at  a  scan  rate  of  10,000  V/s.  Same  electrode  and  solution  conditions  as  in  Figure  5.3 A. 
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The  magnitudes  of  the  peak  currents  of  DA  at  scan  rates  of  100  and  10,000  V/s  are 
ca.  7  nA  and  240  nA,  respectively.  Both  of  these  currents  are  much  higher  than  the 
calculated  peak  currents  (0.122  nA  and  1.2  nA  respectively)  which  are  based  on  purely 
diffusional  process  (equation  2).  This  enhancement  of  peak  current  is  an  indication  of 
adsorption  and  preconcentration  of  DA  on  the  electrode  surface.  Peak  current-to-bulk 
concentration  ratios  (i/C)  for  10"*  M  DA  and  lO"^  M  AA  at  a  scan  rate  of  100 V/s  are  73  and 
3.5  nA/mM  ,  respectively.  The  much  larger  ip/C  of  DA  is  another  strong  indication  of  DA 
adsorption  and  preconcentration  on  the  electrode  surface. 

Figure  5.4  shows  cyclic  voltammetry  results  for  5  ^M  DA  in  the  presence  of  1 .2  mM 
AA  obtained  at  a  scan  rate  of  2,000  V/s.  At  this  scan  rate,  in  spite  of  high  concentration  of 
AA,  voltammogram  of  DA  is  practically  identical  to  the  voltammogram  of  DA  alone  which 
shows  the  freedom  from  interference  by  AA.  It  is  worth  noting  that  the  concentration  of  AA 
is  240  times  higher  than  the  concentration  of  DA,  and  that  the  selectivity  is  obtained  without 
the  need  for  electrode  coating  with  a  permselective  polymer  film.  In  other  words,  by  simply 
increasing  the  scan  rate  the  selectivity  of  DA  over  AA  can  be  greatly  improved  at  carbon 
fiber  electrodes.  Another  advantage  of  the  increased  scan  rate  results  from  fast 
electrochemical  regeneration  of  reduced  DA  which  contributes  to  the  stability  of  the 
electrode. 


Figure  5.4.  Cyclic  voltammogram  of  5  ^lM  DA  in  the  presence  of  1 .2mM  AA  in  70  mM  pH 
7.4  phosphate  buffer.  Scan  rate  is  2,000  V/s,  electrode  diameter  7  ^m  .  The  voltammogram 
was  averaged  1000  times. 
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Fast  Scan  Vnltammetrv  with  Signal  Averaging 

An  additional  significant  advantage  of  increased  scan  rates  results  from  shorter  time 
required  to  complete  a  voltammogram  which  has  an  effect  of  improving  temporal  resolution 

I 
I 

of  the  measurements.  For  a  scan  rate  of  10,000  V/s  with  a  potential  window  from  -0.6  to  1 .0 
V,  the  time  required  to  complete  a  cyclic  voltammogram  is  320  ^is  which  is  100  times 
shorter  than  the  time  required  to  complete  the  same  cycle  at  a  scan  rate  of  100  V/s. 

If  the  fast  detection  allowed  by  this  temporal  resolution  is  not  of  major  interest,  the 
shorter  measurement  time  can  be  taken  advantage  of  in  signal  averaging  and  in  improving 
signal-to-noise  ratio  (S/N).  Wightman's  group  has  investigated  various  techniques  -  such  as 
analog  and  digital  filtering,  and  signal  averaging  -  to  improve  detection  limits  (i.e.  increase 
S/N).'^  The  combined  use  of  these  techniques  allowed  100  nM  of  DA  to  be  detected  in 
vivo.  Forty  voltammograms  collected  at  a  scan  rate  of  300  V/s  were  averaged  to  improve 
S/N  in  their  experiment.  The  numbers  of  voltammograms  which  could  be  collected  and 
signal  averaged  was  limited  by  the  scan  rate  and  experimental  time  scale.  The  shorter 
cycling  time  in  fast  scan  voltammetry  means  that  more  cycles  (or  more  cyclic 
voltammograms)  can  be  acquired  in  a  specific  time.  Each  acquired  voltammogram  can  then 
be  added  and  averaged  to  improve  the  signal-to-noise  ratio  (S/N).  The  expected 
enhancement  in  S/N  is  given  by  following  equation: 

S/N  «  ^  (5-0 

where  n  is  the  number  of  cyclic  voltammograms  acquired  and  averaged. 
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For  a  scan  rate  of  10,000  V/s,  with  a  potential  window  from  -0.6  to  1.0  V,  the 
maximum  number  of  scans  per  second  in  cyclic  voltammetry  is  3 125  if  the  time  of  digitizing 
and  trigger  delay  of  the  digital  oscilloscope  is  neglected.  For  3 1 25  averaged  signals,  the  S/N 
can  be  expected  to  improve  56  times.  The  improvement  of  S/N  at  10,000  V/s  is  10  times 
greater  than  for  a  scan  rate  of  100  V/s.  Figure  5.5  shows  the  single  scan  cyclic 
voltammogram  and  the  signal  averaged  results  where  10,  100,  and  1000  cycles  are  shown. 
For  the  sake  of  clarity,  only  forward  scans  are  shown  in  the  Figure  5.5.  The  acquired  signals 
were  added  together  and  then  divided  by  the  numbers  of  scans  and  the  resulting  data  are 
plotted  in  the  Figure.  As  Figure  5.5  shows,  the  high  frequency  noise  is  rapidly  reduced  by 
signal-averaging  as  the  numbers  of  scans  increases.  However,  the  low  frequency  noise  tends 
to  remain  even  after  1000  scans.  The  reason  for  that  may  be  that  the  low  frequency  noise  is 
harmonic  with,  or  close  to,  the  frequency  of  cycling. 

Limitations  of  Fast  Scan  Voltammetrv 


Although  increased  scan  rate  in  cyclic  voltammetry  can  produce  many  advantages, 

a  major  inherent  limitation  has  to  be  addressed.   Because  charging  current,  i,. ,  increases 

I 
proportionally  to  scan  rate,  most  of  the  resolution  resources  of  the  digital  oscilloscope  or 

digitizer   are   consumed    by   the   higher   charging   current   which    accompanies    all 

electroanalytical  signal  at  high  scan  rates.  The  resolution  that  is  left  can  not  adequately 

reflect  the  shape  of  the  analytical  signal  because  of  the  noise  introduced  by  the  lack  of  the 

resolution  of  the  digitizer,  i.e.  the  digitized  noise.  This  noise  will  prevent  low  concentrations 


Figure  5.5.  Signal  averaged  cyclic  voltammograms  of  50  |iM  DA  in  70  mM  phosphate 
buffer,  scan  rate  2,000  V/s.  Only  the  oxidation  peaks  are  shown.  Lines  1,2,  3,  and  4 
averaged  1,  10,  100,  and  1000  times,  respectively. 
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of  analyte  from  being  detected  even  if  all  of  the  noise  from  the  electrochemical  cell  and  the 
current  measuring  circuit  could  be  eliminated.  Before  the  benefit  of  pushing  scan  rates  to 
higher  values  can  be  frirther  pursued  this  obstacle  must  be  removed. 

An  additional  problem  is  that  the  high  frequency  noise  becomes  more  difficult  to 
eliminate  as  the  scan  rate  increases,  especially  the  noise  with  frequencies  close  to  the  cycling 
frequency.  This  problem  can  be  reduced  by  adequate  circuit  design  (such  as  the  use  of  high 
order  filters)  or  digital  filtering  and  smoothing  after  the  data  are  digitized. 

Conclusions 


By  increasing  the  scan  rates  in  fast  scan  voltammetry  up  to  10,000  V/s,  we 
demonstrated  that  the  detection  of  low  concenfrations  of  DA  (ca.  5  ^M)  in  the  presence  of 
higher  concentrations  of  AA  (ca.  1  mM)  can  be  accomplished  at  graphite  electrodes  without 
a  need  for  permselective  polymer  coatings.  Differences  in  electrochemical  kinetics  between 
DA  and  AA  contribute  to  the  observed  selectivity  where  the  apparent  kinetics  of  AA  (AEp 
=  710  mV  at  100  V/s)  are  significantly  lower  than  those  of  DA  (AEp  =  360  mV  at  100  V/s). 
The  selectivity  and  sensitivity  might  be  ftuther  improved  by  optimizing  the  electrochemical 
pretreatment  of  graphite  electrodes.  Research  has  shown  that  electrochemical  pretreatment 
of  graphite  electrodes  causes  enhancement  in  adsorption  of  cations  (such  as  DA)  and  the 
suppression  of  anions  (such  as  AA).  However,  extensive  pretreatment  may  also  cause 
formation  of  thick  graphite  oxide  films  (up  to  1  |am)  which  can  increase  cell  resistance  and 
may  have  drawbacks  related  to  those  of  thick  electrically  insulating  polymer  films  (such  as 
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Nafion).'"^  Optimization  of  surface  pretreatment  methods  for  fast  scan  voltammetry  needs 
fiirther  investigation. 

Temporal  resolution  can  significantly  benefit  from  the  increase  in  scan  rate.  The 
magnitude  of  the  peak  signal  is  also  greatly  increased.  Moreover,  the  repeated  signals  can 
be  signal-averaged  to  improve  S/N.  However,  the  enormous  background  currents  under  fast 
scan  conditions  need  to  be  taken  into  account.  At  high  scan  rates,  this  background  current 
consumes  most  of  the  resolution  resources  of  the  digital  oscilloscope,  which  ultimately  limits 
the  detection  limit.  Based  on  the  evidence  presented  in  this  work,  pushing  the  scan  rate  to 
above  10,000  V/s  can  produce  significant  analytical  advantages  if  the  problems  of  large 
background  currents  are  solved. 

To  address  this  problem,  an  on-hne  background  subtraction  circuit  is  being 
constructed  in  our  laboratory.  This  ckcuit  will  be  capable  of  performing  fast  scans  above 
10  kV/s  and  subtracting  the  background  current  on-line.  The  output  will  contain  only  faradic 
current,  thus,  the  resolution  of  the  digital  oscilloscope  will  be  conserved.  Fast  scan 
experiments  (above  10  kV/s)  with  this  circuit  are  ongoing  in  our  laboratory. 


CHAPTER  6 
CONCLUSIONS  AND  FUTURE  WORK 


The  work  described  in  this  dissertation  can  be  summarized  as  follows.  Fast  redox 
reactions  of  a  bio-analyte  and  two  outer  sphere  inorganic  complexes  have  been  characterized 
with  fast  scan  voltammetry.  Significance  of  fast  scan  voltammetry  with  on-line  iR 
compensation  has  been  demonstrated  in  aqueous  solutions.  It  was  demonstrated  that  the 
surface  of  the  electrode  plays  an  important  role  in  fast  scan  measurements.  In  RuCNHj)^*^'^^ 
and  Fe(CN)6"^'"'  reactions,  the  surface  deteriorated  after  oxide  production.  On  similar 
surfaces,  adsorption  strength  of  uric  acid  decreases  dramatically. 

In  addition,  a  concept  of  utilizing  fast  scan  voltammetry  to  characterize  redox 
reactions  of  a  weakly  adsorbed  molecule  was  brought  to  the  forefront  and  was  exploited.  It 
has  been  demonstrated  that  kinetic  information  for  weakly  adsorbed  species  can  be  obtained 
with  fast  scan  voltammetry  v«thout  interference  from  diffusing  species.  This  should  allow 
better  understanding  of  redox  reactions  of  weakly  adsorbed  biological  molecules. 

The  ability  of  fast  scan  methods  with  on-line  iR  compensation  to  provide  kinetic 
information  of  fast  reactions  in  aqueous  solutions  may  be  fiirther  exploited  to  investigate  fast 
redox  reactions  of  large  biological  molecules  (such  as  cytochrome  C).  Another  interesting 
extension  of  this  work  will  be  in  the  area  of  characterization  of  the  polymerization 
mechanisms  of  conducting  polymers  (such  as  polypyrrole)  in  aqueous  solutions.  The  life 
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time  and  the  standard  potential  of  pyrrole  dimers  formed  after  initial  polymerization  has  been 
characterized  in  acetonitrile  solvents.'"*  However,  the  properties  and  mechanism  of  formation 
of  polypyrrole  in  organic  solvents  is  significantly  different  from  the  properties  of  polypyrrole 
formed  in  aqueous  solutions.  It  will  be  interesting  to  compare  the  polymerization 
mechanisms  in  organic  and  aqueous  solvents. 

UMEs  modified  with  ultrathin  polymer  films  exhibit  excellent  permselectivity  in 
spite  of  the  ca.  monolayer  thickness  of  the  film.  The  ultrathin  film  modified  UMEs  should 
be  suitable  for  in-vivo  detection  and  should  provide  better  selectivity.  Selective  and  sensitive 
sensors  with  fast  response  time  may  be  obtained  for  in-vivo  measurements  by  combining  the 
ultrathin  film  modified  UMEs  with  fast  scan  voltammetry.  Future  work  should  focus  on 
enzyme  immobilization  on  the  ultrathin  films  to  provide  a  better  response  of  enzyme 
electrodes.  Another  possible  application  which  could  allow  the  development  of  more 
selective  sensors  is  to  use  the  films  to  trap  specific  biomolecules  and  produce  templates. 

In  developing  fast  scan  voltammetry  as  an  analytical  tool  we  are  investigating  the 
method  for  improvement  of  selectivity  and  detection  limits  in  analysis.  The  new  strategies 
already  developed  and  described  in  this  work  were  proved  to  be  useful.  We  have  found  that 
differences  in  electrochemical  kinetics  between  probes  contribute  to  the  enhancement  of 
selectivity  at  high  scan  rates.  The  sensitivity  and  detection  limit  improvement  results  from 
the  large  peak  currents  of  weakly  adsorbed  analytes  and  the  ability  of  signal  averaging  with 
fast  scan  methods. 

However,  to  achieve  lower  detection  limits  at  higher  scan  rates,  the  interference  of 

the  charging  current  needs  to  be  eliminated.  The  high  charging  current  at  high  scan  rates 

\ 

\ 

\ 
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depletes  the  available  resolution  of  the  digital  oscilloscope  for  faradaic  currents 
measurements,  which  limits  the  detection  of  faradaic  currents.  To  extract  the  signal  out  of 
the  charging  current,  an  on-line  background  subtraction  circuit  is  being  built  in  our 
laboratory.  Two  working  electrodes  are  needed  in  the  circuit.  The  first  working  electrode 
will  be  placed  in  a  buffer  solution  containing  an  analyte  and  the  second  working  electrode 
will  be  placed  in  the  buffer  only.  The  current  from  the  first  electrode  will  be  subtracted  from 
the  current  from  the  second  electrode  using  a  differential  amplifier.  Thus,  the  net  output  will 
be  the  faradic  current  only.  Preliminary  results  are  very  promising.  j  ; :     ' « 

Another  interesting  application  which  may  be  performed  in  the  fiiture  will  be  to  apply 
the  strategies  developed  in  this  work  to  HPLC  and  CZE  detection.  In  addition  to  providing  ^^ 
higher  temporal  resolution,  fast  scan  voltammetry  with  UMEs  can  detect  coeluting  analytes 
simultaneously  as  long  as  their  redox  potentials  are  different.  Therefore  the  selectivity  of 
HPLC  and  CZE  detection  can  be  enhanced.  Furthermore,  based  on  our  results,  the 
selectivity  may  be  ftirther  enhanced  by  increasing  scan  rates  if  the  coeluting  analytes  have 
different  redox  kinetics. 


APPENDIX  A 
DATA  ACQUISITION,  DISPLAY  AND  PROCESSING  PROGRAM  SOURCE  CODE 


The  main  purpose  of  this  program  is  to  acquire  data  from  LeCroy  Digital 
oscilloscope  through  the  RS232  communication  port.  The  data  (voltammograms)  are  then 
displayed  on  the  computer  screen,  saved  in  a  file  or  further  processed  to  fit  the 

experimental  needs. 

♦****♦♦**»♦**♦♦♦**♦♦♦**********♦******♦******♦♦********♦♦***♦♦**♦*♦***♦♦ 

** 

DECLARE  SUB  SMOOTH  (WTXIQ,  WFY!()) 

DEFINT  A-T 

DECLARE  SUB  SHOWFILES  () 

DECLARE  SUB  CSCOPE  (ORDERS) 

DECLARE  SUB  CLEANS  0 

DECLARE  SUB  FMINMAX  (X!(),  y!0,  NDP,  WMAXX!,  WMINX!,  WMAXY!, 

WMINY!,  XMAXC,  XMINC) 

DECLARE  SUB  GRAPH  (WFX!(),  WFY!()) 

DECLARE  SUB  FILEIO  (FLAG%,  WFX!(),  WFYIQ) 

DECLARE  SUB  QSCOPE  (ORDERS,  RESPONSES) 

DECLARE  SUB  CSTR2NUM  (dataS,  WFIQ,  CHANELS) 

DECLARE  SUB  SCOPE  (CMDS,  RESPONSES) 

DIM  WFX(5010),  WFY(5010) 

COMMON  SHARED  PATHS,  FILENAMES,  NDP,  XMAXC,  XMINC 

DECLARE  FUNCTION  GPuUDown  (a%,  B%,  C%) 

DIM  MENUS(25) 

SCREEN  9  'swithch  to  a  graphic  screen 

LOCATE  2, 1 

filenames  =  "TEMP.DAT" 
'Show  the  meun  on  screen 
MENU: 

FOR  i  =  0  TO  24:  READ  MENU$(i):  NEXT 
REM  first  main  heading 

DATA  "File" 

DATA  "Save" 

DATA  "Read" 

DATA  "File  name" 
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DATA  "Display" 

DATA  "Exit" 
REM  NUL  string  separates  main  headings 

DATA "" 
REM  2nd  main  heading 

DATA  "Setting" 

DATA  "Path" 

DATA  "Data  spacing" 

DATA  "P" 

DATA  "U" 

DATA  "" 

DATA  "Getdata" 

DATA  "Channel  1" 

DATA  "Trace  C" 

DATA  "Trace  A" 

DATA  "" 

DATA  "Caculation" 

DATA  "K" 

DATA "" 

DATA  "Smoothing" 
DATA  "Smooth" 
REM  double  NUL  strings  mark  end 
DATA "","" 

CALL  menuoption(0,  23)        '  text  color 
CALL  menuoption(l ,  40)        '  menu  choice  color 
CALL  menuoption(2,  31)        '  menu  box  color 
CALL  menuoption(4, 256  +  68)  '  optional  exit  key 
CALL  menuoption(5,  -1)        '  exit  menu  when  hotkey  pressed 
main  =  0:  subm  =  -1 
a  =  VARPTR(MENU$(0)) 
a  =  GPullDovvn(a,  main,  subm) 
SELECT  CASE  a 

CASE  13 

KEYS  =  "Enter" 

CASE  27 

KEYS  =  "Escape" 

GOTO  again 

CASE  ELSE 
END  SELECT 
SELECT  CASE  main 

CASEO 

IF  subm  =  1  OR  subm  =  0  THEN  CALL  FILEIO(subm,  WFXQ,  WFYQ) 
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IF  subm  =  1  THEN  CALL  GRAPH(WFXO,  WFYQ) 

IF  subm  -  2  THEN 

CALL  CLEANS:  INPUT  "FILE  NAME?  ",  FILENAMES 

END  IF 

IF  subm  =  3  THEN  CALL  SHOWFILES 

IF  subm  =  4  THEN  END 

CASE  1 

IF  subm  =  0  THEN  CALL  CLEANS:  INPUT  "PATH: ",  PATHS 
IF  subm  =  1  THEN 

CALL  CLEANS:  INPUT  "DATA  SPARE  #:",  CMDS 

LOCATE  13,  68:  PRINT  CMDS 

CMDS  =  "WFSU  SP,"  +  CMDS 

FOR  i  = 1  TO  3 

CALL  CSCOPE(CMDS):  i  =  i  +  1 

NEXT 

•CMDS  =  "WFSU?" 

•CALL  QSCOPE(CMDS,  RS) 
END  IF 
CASE  2 

IF  subm  =  0  THEN 

•CMDS  =  '^C1:WF?DAT1" 

CMDS  =  "TA:INSP?  •WAVEDESC;WF?" 

C$  =  "C1" 
END  IF 
IF  subm  =  1  THEN 

•CMDS  =  "TC:WF?DAT1" 

CMDS  =  "TC:INSP?  •SIMPLE" 

C$  =  "TC" 
END  IF 
IF  subm  =  2  THEN 

•CMDS  =  "TA:WF?  DATl" 

CMDS  =  "TA:INSP?  'SIMPLE" 

CS  =  "TA" 
END  IF 

CALL  QSCOPE(CMD$,  RS) 
CALL  CSTR2NUM(RS,  WFYQ,  CS) 

IF  subm  =  0  THEN 

CALL  QSC0PE("C2:INSP?  'SIMPLE'",  RS) 
CALL  CSTR2NUM(RS,  WFXQ,  "C2") 
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END  IF 

IF  subm  =  1  OR  subm  =  2  THEN 
'CMD$  =  "WFSUSP,10" 
•  FOR  i  =  1  TO  3 
'  CALL  CSCOPE(CMD$):  i  =  i  +  1 

'NEXT 

CALL  QSCOPE("TB:INSP?  'SIMPLE'",  R$) 
CALL  CSTR2NUM(R$,  WFXQ,  "TB") 
END  IF 

CALL  GRAPH(WFXO,  WFYQ) 
main$  =  "Getdata" 
CASE  3  r  ,; 

main$  -  "Vegetation"  <  ;- 

CASE  4  "   ''     "'  '■ 

CALL  SMOOTH(WFX(),  WFYQ) 

CALL  GRAPH(WFX(),  WFYQ)  '      .  M 

END  SELECT 

'  PRINT  KEYS,  mainS,  SUBM  _       ;. 

again: 
RESTORE 

LOCATE  2, 68:  PRINT  "FILE  NAME:" 
LOCATE  3, 68:  PRINT  FILENAMES 
LOCATE  4,  68:  PRINT  "PATH:" 
LOCATE  5, 68:  PRINT  PATHS 
LOCATE  6,  68:  PRINT  "Epa:" 
LOCATE  7,  68:  PRINT  WFX(XMAXC) 
LOCATE  8,  68:  PRINT  "Epc" 
LOCATE  9, 68:  PRINT  WFX(XMINC) 
LOCATE  10,  68:  PRINT  "Ipa" 
LOCATE  1 1, 68:  PRINT  WFY(XMAXC) 
LOCATE  12,  68:  PRINT  "Data  Sparing" 
GOTO  MENU 

CLOSE 

I***** ♦♦♦♦♦♦♦♦♦♦*♦♦**♦*♦♦♦****♦♦*♦****♦****♦*♦*♦****♦*♦***♦* 

'End  of  the  main  program 

I**************** ♦***♦****♦***♦**♦********♦♦****** *♦♦*****♦** 

SUB  CLEANS 
LOCATE  1, 1 
PRINT " 
LOCATE  1,  1 


-  if 
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END  SUB 

'A  subrounitine  to  send  Command  to  the  scope  throughr  commuication  port  2 

DEFSNG  A-T 

SUB  CSCOPE  (ORDERS) 

OPEN  "COM2:9600,N,8,1"  FOR  RANDOM  AS  #2  LEN  =  4096 

CMD$  =  CHR$(27)  +  "["  +  CHR$(13) 

PRINT  #2,  CMD$ 

CMD$  =  CHR$(27)  +  "C"  +  CHR$(13) 

PRINT  #2,  CMD$ 

FORi  =  l  TO  10000 

NEXT 

PRINT  #2,  ORDERS  +  CHR$(13) 

CLOSE  #2 

END  SUB 

'Get  data  from  scope 

DEFINT  A-T 

SUB  CSTR2NUM  (data$,  WF(),  CHANELS) 

•  Read  in  data  values  and  store  them  in  the  array  X. 

data$  =  MID$(data$,  12,  LEN(data$)  -  12) 
LENTH  =  LEN(data$) 
d$  = "" 
i=l 

•PRINT  data$ 
ragain: 

spc$  =  MID$(data$,  i,  1) 
IF  spc$  =  " "  OR  spc$  =  CHR$(13)  OR  spc$  =  CHR$(10)  THEN 

i  =  i  +  l 

ELSE 

d$  =  MID$(data$,i,  12) 

k  =  k+l 

WF(k)  =  VAL(d$) 

•  PRINT  WF(k) 
i  =  i+12 
END  IF 

IF  LEN(data$)  >  i  GOTO  ragain 
NDP  =  k -  2 
PRINT  NDP 
END  SUB 

SUB  FILEIO  (FLAG,  WFXQ,  WFY()) 

i=l 

10$  =  PATHS  +  FILENAMES 

IF  FLAG  =  0  THEN 
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CALL  Exist(IO$,  oops) 

IF  oops  =  -1  THEN  PRINT  "WARING!  FILE  EXIST!" 

OPEN  10$  FOR  OUTPUT  AS  #5 

FOR  i  =  1  TO  NDP 

PRINT  #5,  WFX(i);  WFY(i) 

NEXT 

ELSEIF  FLAG  =  1  THEN 

CALL  SHOWFILES 

10$  =  PATH$  +  FILENAME$ 

OPEN  10$  FOR  INPUT  AS  #5 

WHILE  NOT  E0F(5) 

INPUT  #5,  WFX(i),  WFY(i) 

i  =  i  +  l 

NDP  =  i 

WEND 

END  IF 

CLOSE  #5 

END  SUB 

SUB  FMINMAX  (XQ,  yQ,  NDP,  WMAXX,  WMINX,  WMAXY,  WMINY,  XMAXC, 
XMINC) 


This  subroutine  is  designed  to  determin  the  max  and  min  of  an  x,y 
data  array,  and  to  determine  the  counter  value  associated  with 
the  max  an  min  x  values 


initialize  values 
WMAXX  =  X(1) 
WMINX  =  X(1) 
WMAXY  =  y(l) 
WMINY  =  y(l) 
XMAXC  =1 
XMINC  =1 
'determine  values 
PRINT  NDP 
FOR  i  =  2  TO  NDP 

IF  X(i)  >  WMAXX  THEN  WMAXX  =  X(i) 

IF  X(i)  <  WMINX  THEN  WMINX  =  X(i) 

IF  y(i)  >  WMAXY  THEN  WMAXY  =  y(i):  XMAXC  =  i 

IF  y(i)  <  WMINY  THEN  WMINY  =  y(i):  XMINC  =  i 
NEXTi 
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END  SUB 

SUB  GRAPH  (WFXO,  WFYQ) 

CLS 

CALL  FMINMAX(WFX(),  WFYQ,  NDP,  WMAXX,  WMINX,  WMAXY,  WMINY, 

XMAXC,  XMINC) 

WINDOW  (WMINX,  WMINY)-(WMAXX,  WMAXY) 

PRINT  NDP 

PRINT  WMINX,  WMINY,  WMAXX,  WMAXY 

PSET(WFX(1),WFY(1)) 

FOR  i  =  2  TO  NDP 

LINE  -(WFX(i),  WFY(i)) 

NEXT 

END  SUB 


DEFSNG  A-T 

SUB  QSCOPE  (ORDERS,  RESPONSES) 

CALL  CSCOPE("*CLS") 

RESPONSES  = "" 

'PRINT  CMDS 

•DEFINT  A-Z 

TRYAGAIN: 

FALSE  -  0 

TRUE  =  NOT  FALSE 

X0FF$  =  CHR$(19) 

X0N$  =  CHRS(17) 

PAUSE  =  FALSE 

OPEN  "COM2:9600,N,8,1"  FOR  RANDOM  AS  #1  LEN  =  4096 

CMDS  =  CHRS(27)  +  "["  +  CHRS(13) 

PRINT  #1,  CMDS 

CMDS  =  CHR$(27)  +  "C"  +  CHRS(13) 

PRINT  #1,  CMDS 

•PRINT  #1,  "CHDR  OFF"  +  CHRS(13) 

PRINT  #1,  CHRS(27)  +  "R;  BWL  ON"  +  CHRS(13) 

FORi=lTO1000 

NEXT 

PRINT  #1,  "CORS  EO,"  +  "•\r\n\END\r\n'"  +  CHRS(13) 

PRINT  ORDERS 

PRINT  #1,  ORDERS  +  CHRS(13) 

WHILE  EOF(l) 

i  =  i+l 


183 


IF  i>  10000  THEN 

CLOSE #1 

GOTO  TRYAGAIN 

END  IF 

WEND 

•I  =  0:  OPEN  "D:\CHARLIE\TEMP.DAT"  FOR  OUTPUT  AS  #2 

1820  WHILE  NOT  EOF(l) 

1830  IF  LOC(l)  >  128  THEN  PAUSE  -  TRUE:  PRINT  #1,  XOFF$; 

E$  =  INPUT$(L0C(1),#1) 

d$  =  d$  +  E$:  IF  LOC(l)  >  0  THEN  1830 

IF  PAUSE  THEN  PAUSE  =  FALSE:  PRINT  #1,  XON$; 

WEND 

i  =  i  +  l 

ENDS  =  RIGHT$(d$,  5) 

ENDS  =  LEFT$(END$,  3) 

PRINT  ENDS 

IF  ENDS  o  "END"  THEN  1820 

RESPONSES  =  dS 

'PRINT  DS 

CLOSE  #1 

END  SUB 

DEFINT  A-T 
SUB  SHOWFILES 

DIMFILES(IOO) 

N AMESS  =  SPACES(  12)  '  filenames  must  be  initialized 

'  as  a  12-byte  (or  longer)  string 
'  or  the  namelen%  will  be  returned 
'as-1 
FileSpecS  =  PATHS  +  "*.DAT"  +  CHRS(O)'  FileSpecS  must  end  in  CHR$(0) 
fAttr%  =  0  '  search  only  for  normal  files 

CALL  FindFirstMatch(FileSpecS,  fAttr%,  oops%) 
•IF  oops%  =  -1  THEN  PRINT  "FileSpecS  is  a  nul  string" 
IF  oops%  THEN  LOCATE  1,1:  PRINT  "No  matching  files" 
i=l 

FILES(0)  =  "DIRTORY1" 
WHILE  oops%  =  0 

CALL  FindFileName(NAMESS,  namelen%) 

IF  namelen%  =  -1  THEN  PRINT  "filenames  shorter  than  12  bytes" 

FILES(i)  =  LEFTS(NAMESS,  namelen%) 

CALL  FindNextMatch(oops%) 

i  =  i+l 

IF  i  =  23  THEN 
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FILE$(i)  = "" 

FILE$(24)  =  "DIRT0RY2":  i  =  25 
END  IF 
WEND 

FILE$(i  +  1)  =  "":  FILE$(i  +  2)  -  "" 
CALL  menuoption(0,  23)        '  text  color 
CALL  menuoption(l ,  30)        '  menu  choice  color 
CALL  menuoption(2,  31)        '  menu  box  color 
CALL  menuoption(4,  256  +  68)  '  optional  exit  key 
CALL  menuoption(5,  - 1 )        '  exit  menu  when  hotkey  pressed 
main  =  0:  subm  =  -l 
a  =  VARPTR(FILE$(0)) 
a  =  GPullDown(a,  main,  subm) 
SELECT  CASE  a 

CASE  13 

KEYS  =  "Enter" 

CASE  27 

KEYS  =  "Escape"  j 

CASE  ELSE 
END  SELECT 
SELECT  CASE  main 

CASEO 

FILENAMES  =  FILE$(subm  +  I) 

CASEl 

FILENAMES  =  FILE$(subm  +  25) 

END  SELECT 

END  SUB 

SUB  SMOOTH  (WFX(),  WFYQ) 

FOR  i  =  1  TO  NDP 

WFY(i  +  2)  =  (WFY(i)  +  WFY(i  +  I)  +  WFY(i  +  2)  +  WFY(i  +  3)  +  WFY(i  +  4))  /  5 

WFX(i  +  2)  =  (WFX(i)  +  WFX(i  +  1)  +  WFX(i  +  2)  +  WFX(i  +  3)  +  WFX(i  +  4))  /  5 

NEXT 

END  SUB 


APPENDIX  B 
SEMI-INTEGRAL  ANALYSIS  PROGRAM  SOURCE  CODE 


'  This  subroutine  is  designed  to  semi-integrate  data 


SUB  semi  (dummy%) 

KEY  OFF 

'call  gmama  function  subroutine  if  gamma  fiinction  has  not  been  calculated 

IF  gma!(l)  =  0  THEN  CALL  gamma 

'if  number  of  data  points  is  odd,  make  it  even. 

odd  -  (ndps)  MOD  (2) 

IF  odd  =  1  THEN  ndps  =  ndps  -  1 

n  =  ndps 

qq  =  0 

'begin  to  integrate  the  forward  part  of  a  cyclic  voltammogram 

FOR  k  =  1  TO  n  /  2 

summf!  =0 

FORj  =  lTOk 

summfl  =  summfl  +  gma!(k  -  j)  *  SQR(dt)  *  curr!(j) 

NEXT 
sem!(k)  =  summf! 
qq  =  qq  +  1 
'tell  user  to  wait 
LOCATE  23,  20 
IF  qq  =  1  THEN  PRINT  "I"; 
IF  qq  =  2  THEN  PRINT  7"; 
IF  qq  =  3  THEN  PRINT  "-"; 
IF  qq  =  4  THEN  PRINT  "\";  :  qq  =  0 
NEXT 

qq-0 

'Begin  to  integrate  the  backward  part  of  a  cyclic  voltammogram 
F0Rk  =  n/2+lT0n 
summb!  =  0 

F0Rj  =  l+n/2T0k 

summb!  =  summb!  +  gma!(k  -  j)  *  SQR(dt)  *  curr!(j) 

NEXT 
sera!(k)  =  summb!  +  sem!(n  /  2) 
qq  =  qq  +  1 
LOCATE  23, 20 
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IF  qq  =  1  THEN  PRINT  "I"; 
IF  qq  =  2  THEN  PRINT  "\"; 
IF  qq  =  3  THEN  PRINT  "-"; 
IF  qq  =  4  THEN  PRINT  7"; :  qq  =  0 
NEXT 
Plot: 

'plot  the  semi-integrated  current  on  screen 
CALL  graph(pot!0,  sem!(),  ndps,  try$,  try$) 
LOCATE  23,  17:  PRINT  SPACE$(40):  LOCATE  24,  17:  PRINT  SPACE$(40); 

KEY  ON 


END  SUB 


'  This  subroutine  calculates  values  of  Gamma  Function  and  places  them  into 
'  an  array  to  be  used  during  semi-integration 


SUB  gamma 

gma!(0)  =  1 

FORi  =  lTO1000'ndps/2 
Factorial  =  (2  M-l)/ (2  *i) 
gma!(i)  =  Factorial  *  gma!(i  - 1) 

NEXT 


<X'. 


END  SUB 
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